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Abstract 
This work describes a systematic approach to study chemical reactions of copper in 
contact with various chemical agents and to construct a coherent etching rate model based on 
the fundamental chemistry. Reactions of copper with chemical agents were investigated by 
in-situ real time technique, quartz crystal microgravimetry (QCM). Kinetic processes were 
followed by QCM measurement and analyzed. A coherent etching rate formula was built 
based on the kinetic analysis of fundamental reactions. The requirement of repeated 
experiments for studying copper chemistry motivated us to develop a high throughput 
measurement system. We utilized surface plasmon resonance (SPR) imaging combined with 
multi flow channel or multi electrode for high throughput design. Fundamental physics of 
SPR technique and instrumental design will be provided in detail. We expect this study has 
an impact on relatively advanced area that utilizes copper, such as chemical mechanical 
polishing (CMP) in semiconductor process. 
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Chapter 1. Introduction 
1.1 General introduction 
Copper is one of the most important metals in industry and the third most used 
following iron and aluminum. In 2005, the annual worldwide consumption of copper was 
16.6 million tons with an economic value of 60 billion dollars[1]. Copper has a variety of 
applications including plumbing, automotive, and electrical wire. Because of the 
environmental importance and impact on industry, phenomena surrounding copper have been 
intensively studied and corrosion is one of the most studied topics.  
Corrosion is an oxidation process of a metal to form by-products or to dissolve by 
interacting with its environment. Fundamental aspects of copper corrosion have been studied 
and reviewed[2-5], including thermodynamic aspects[6, 7], kinetics[8], corrosion 
mechanisms[9, 10], and surface structure[11]. Environmental concerns and protection of 
copper products has led investigation of effects of various chemical agents, such as pH[12], 
cations (e.g., Ca2+, Mg2+, and Na+)[13], anions (chloride[14-18], carbonate[19, 20], 
phosphate[21], monochloramine[22]), and inhibitors (benzotriazole[23-27] and thiols[28-37]). 
One of the most important applications of copper is the usage as electronic wires and the 
evolution of technology is opening a new era for copper application. In the early 1990s, IBM 
developed a method to replace aluminum with copper as the interconnect material in 
integrated circuit (IC) chip structure[38, 39]. Compared with aluminum, copper has 
advantages of lower resistivity and higher electromigration resistance[40, 41]. Therefore, 
replacing aluminum with copper makes it possible to manufacture smaller, faster, and more 
reliable electronic devices.  
Copper interconnect lines are formed by Damascene process, in which copper is 
electrodeposited to form nano scale interconnect wires, followed by chemical mechanical 
polishing (CMP) [38, 39]. Damascene process consists of a series of steps to make 
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interconnects (Figure 1.1). Initially, dielectric materials are deposited on a silicon substrate 
(A). Pattern is created by photolithography and etching process (B). A conformal seed layer 
of barrier material such as tantalum or tantalum nitride is deposited on the pattern (C). 
Copper deposition on the barrier layer is achieved by a conformal seed layer deposition 
through physical vapor deposition (PVD) followed by electrochemical over-deposition 
(ECD) to fill up the openings (D). Finally, CMP removes the copper overburden and 
planarizes the surface for subsequent process (E). In the CMP process, the removal rate is 
different between copper and barrier or dielectric layer and necessary over-polish leads 
unwanted side effects such as copper dishing or oxide erosion (F). Multiple step processing is 
often involved to enhance the performance and reduce the side effects, where each step is 
adjusted for either material removal rate or planarization.  
Figure 1.2 shows a schematic of the CMP process. A wafer carrier forces a wafer, on 
which an IC chip structure is formed, against a polishing pad that is attached to a platen or a 
polishing table. The carrier and the platen rotate in the same direction to carry out CMP while 
slurry is supplied to provide chemical and mechanical components. The mechanism of metal 
CMP is generally accepted as an alternating process of mechanical abrasion and chemical 
corrosion – the Kaufman model[42]. In the Kaufman model, a metal oxide film is formed on 
the surface and mechanical abrasion removes the oxide film exposing a bare metal surface to 
the polishing slurry. Chemicals in the slurry then attack the bare metal to form a new oxide 
layer (Figure 1.3). Chemical reactions to oxidize metal in CMP are essentially identical to 
corrosion in addition to which a variety of chemical ingredients are incorporated to control 
the process and achieve maximum performance. Preparation of slurry that contains chemical 
components still depends on trial and error rather than on scientific understanding of 
fundamental chemistry. This motivating example, CMP and slurry solution has a fast growing 
market. In 2002, total CMP market size was 1.8 billion dollars and it is expected to be over 5 
billion dollars in 2008. The market size for CMP slurry was 408 million dollars in 2002 and 
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is expected to be over 1 billion dollars in 2008[43]. As a result, this will have a great impact 
on the industry as well as on research to understand fundamental chemistry and to find out 
the strategy to systematically control etching rate of copper in CMP.  
1.2 Objectives 
The main objective of this research is to study copper films in contact with various 
chemical agents and to propose a coherent kinetic model based on fundamental reaction 
mechanisms. Chemical reactions will be monitored by an in-situ real time detection 
technique, quartz crystal microgravimetry (QCM). Experimental results will be analyzed 
considering fundamental chemical reactions and their kinetics.  
The investigation of chemical reactions on copper surfaces with various solutions 
required a number of measurements in a similar fashion, only changing solution 
compositions. The requirement of a systematic approach and a number of similar 
measurements to investigate various chemical reactions at solid-liquid interfaces motivated 
us to develop a method that rapidly screens interfacial reactions. The development of a high 
throughput measurement technique would decrease the time required for the experiments. We 
utilized surface plasmon resonance (SPR) imaging as a surface sensitive measurement system 
in combination with a complementary setup for high throughput measurement.  
1.3 Thesis organization 
This dissertation consists of 6 chapters. Chapter 2 provides general background of 
chemical reactions in copper CMP and CMP rate models. Physical principles of the in-situ 
QCM technique are also provided in this chapter. In chapter 3, copper corrosion in pH 
controlled aqueous solutions is observed. Fundamental chemical reactions between copper 
and hydrogen peroxide, glycine, and benzotriazole are investigated at pH 2 where metallic 
copper is the major surface. An additive etching rate model is constructed based on the 
fundamental kinetic mechanisms and updated to account for interactions among the chemical 
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agents. In chapter 4, the solution pH is changed to 10 where the copper surface is passivated 
and etching rate model is built on the same principle. In chapter 5, a high throughput 
detection technique is developed to study benzotriazole film formation using SPR imaging 
system. Another SPR imaging system is also constructed by slight modification. 
Experimental design of the system is described and exemplary data is provided. Chapter 6 
discusses conclusions and future directions of the research project.  
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Figure 1.1 Damascene process: (A) inter layer dielectric (ILD) material deposition (B) ILD 
etching (C) deposition of barrier layer (D) Cu deposition (E) Desired surface by CMP (F) 
Over-polished surface with surface defects of oxide erosion and Cu dishing (adapted from 
[44]). 
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Figure 1.2 A schematic of CMP process. Slurry is supplied to provide chemical and 
mechanical components while polishing process (adapted from [42]). 
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Figure 1.3 Kaufman model [42]for metal CMP process. Metal oxide film is formed on the 
surface and mechanical abrasion removes the oxide film exposing bare metal surface to 
polishing slurry. Chemicals in the slurry then attack the bare metal to form a new oxide layer 
(adapted from [42]). 
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Chapter 2. Background 
This chapter presents a review of copper chemistry in aqueous solutions with various 
chemical agents and technical principles for quartz crystal microgravimetry (QCM). 
Chemical reactions of copper in aqueous solutions are essentially corrosion process. In 
corrosion process, copper is oxidized by dissolved gases and ions to form passivatioin layer 
of copper oxide or dissolve into solutions. A variety of chemical agents have an effect on the 
copper corrosion rate and thermodynamic equilibrium. In copper chemical mechanical 
polishing (Cu-CMP) as a motivating example of this study, it is required to understand the 
kinetic process of copper corrosion or etching in the presence of various chemical agents in 
order to prepare more efficient slurry and therefore enhance the performance. Previously, as 
an effort to understand CMP process without detailed kinetic information about copper 
corrosion, a few qualitative and quantitative models for CMP performance have been 
proposed. However, it is still necessary to study more detailed kinetic information of 
chemical reactions and to propose a quantitatively more precise model. Kinetic study of 
chemical reactions in solutions requires in-situ real time observation and quartz crystal 
microgravimetry (QCM) will be utilized as a major tool in this study. QCM is a surface 
sensitive technique that measures mass change on a metal coated quartz crystal using the 
principle of piezoelectricity. A resonant frequency that is proportional to the mass change 
within a limited amount is measured by QCM. The physical principles of QCM and its 
applications will be presented.  
2.1 General copper chemistry in aqueous solutions and copper chemical 
mechanical polishing (Cu-CMP) 
2.1.1 Copper etching with effective chemical agents in aqueous solutions 
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Chemical reactions of copper in copper chemical mechanical polishing (Cu-CMP) are 
essentially corrosion process and general information about thermodynamic equilibrium of 
copper in aqueous solutions and kinetic mechanism of corrosion process is available. 
Thermodynamic equilibrium state of copper in aqueous solution is explained by Pourbaix 
diagram (Figure 2.1) [1]. In aqueous solution, copper interacts with the solution to dissolve 
or to form a passivation layer and in the absence of other chemical effects or electrochemical 
potentials, solution pH is the primary factor that controls copper corrosion. For example, 
metallic copper is at equilibrium with cupric ions at low pH and continuous corrosion process 
occurs. At moderately high pH, the surface is passivated by oxidized copper. Although 
cuprous oxide and cupric oxide are favorable thermodynamically, cupric hydroxide is also 
possible. When the solution pH is extremely high ( > ~13.5), corrosion occurs again. Kinetic 
mechanism of copper corrosion in aqueous solution was studied by Ives and Rawson[2, 3]. 
Ives and Rawson explained copper dissolution mechanism as a series of steps, that is, 
oxidation by dissolved oxygen in the solution followed by dissolution of the copper oxide by 
proton and oxygen. They assumed that metallic copper is instantly oxidized on the surface by 
combining with oxygen to form cuprous oxide.  
)(2)(2)( 2
1
2
1
sgs OCuOCu =+     (2.1) 
The cuprous oxides interact with more oxygen and protons being removed from the surface.  
OHCuHOOCu aqaqgs 2
2
)()()(2)(2 24
1
2
1 +=++ ++             (2.2) 
In copper chemical mechanical polishing (Cu-CMP), the corrosion process becomes 
more complicated by the presence of chemical agents. A variety of chemical agents are 
supplied to provide etching rate control during CMP process. They include, namely, oxidizer, 
complexing agent, and inhibitor. Each chemical agent has different interaction with copper 
surface and affect copper etching rate accordingly.  
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Oxidizing agents or oxidizers are used in metal CMP to mainly control oxidation rate. 
In Cu-CMP, oxidizers transform the copper surface to a more oxidized state, cuprous oxide 
and cupric oxide. Copper oxide that formed by an oxidizer may passivate the surface or 
dissolve into solutions depending on the presence of other ions. For example, the presence of 
carbonate anions forms a precipitate by combining with copper oxide[4, 5], while copper 
oxide is dissolved when glycine is present[6, 7]. The fundamental aspect of an oxidizer is 
simple, but when incorporated with other chemicals, it becomes complicated and requires 
clarification. The most studied oxidizer is hydrogen peroxide[6-13] and others include iodate 
ion[14-17], periodic acid, dichromate,[18] ferric nitrate,[15, 19] nitrate ion,[15, 20] 
manganate, ammonium heptamolybdate,[15] sodium chlorate,[21] and ferrocyanide ion[20].  
Complexing agents are used to increase material removal rate in Cu-CMP either by 
directly etching copper surface or by enhancing solubility of abraded particles. This effect 
occurs by complexing with partially or fully charged species, therefore having synonyms 
such as chelating agents or binding agents. The complexation increase copper dissolution rate 
by preventing reduction of oxidized copper or further oxidation to form stable oxide 
products[22]. Complexing agent is one of the essential components for Cu-CMP at some 
conditions but the fundamental aspects of complexation reaction are still unclear. 
Ammonia[20, 21, 23] or amino acids such as glycine,[7-9, 24-27] cysteine,[9, 27] 
ethylenediamine,[28] hydroxylamine,[26] and citric acid[29] are commonly used as 
complexing agents.  
Inhibitors are passivating agents that reduce chemical dissolution. Most inhibitors 
form passivating layers and physically decrease contacting area for dissolution. The most 
widely known inhibitor for copper corrosion is benzotriazole (BTA). Since the first report by 
Cotton and Scholes[30] about the BTA inhibition on copper corrosion, the properties of BTA 
film including structure,[31-41] film formation mechanism[42-44] and stability[42] were 
extensively studied. Another class of well known inhibitors are self-assembled monolayers 
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(SAMs) by thiols such as n-alkanethiol[45-57], alkyl-thiosulfate[58], triazinedithiol[59], 3-
methoxysilylpropanethiol-1[60], 2-mercaptobenzothiazole[61], propyltrimethoxysilane, and 
3-mercaptopropyltrimethoxysilane[62]. The compact structure of SAM layer prohibits copper 
corrosion. For n-alkanethiols, it is known that longer alkane chain length provides better 
inhibition effect[53, 54].  
Although various chemicals have strong effects on the copper etching rate as stated 
above, detailed descriptions of the fundamental chemical reactions are not fully developed 
yet. Cu-CMP as a motivation of this study requires understanding about the chemical 
reactions at a molecular level in order to prepare successful slurry and hence to achieve 
maximum performance out of CMP process to meet industrial need. Several CMP models 
have been proposed as an effort to accomplish this objective. 
2.1.2 Copper corrosion rate model 
2.1.2.1 Preston model 
At the early stage of CMP application in industry, CMP rate models have developed 
in the absence of kinetic understanding about chemical reactions. Therefore, early CMP 
models only account for mechanical function as independent variables to explain CMP rate. 
The Preston model is generally accepted as the first CMP model[63]. In the Preston model, 
the material removal rate is given by considering only mechanical terms, applied pressure 
and the relative speed of the surface vs. pad. 
VPKR PP ××=           (2.3) 
RP is the material removal rate, KP is Preston’s coefficient, P is the local pressure on the 
surface, and V is the relative velocity of the surface against the pad. The Preston model was 
the first CMP model that predicted material removal rate and since then several attempts 
have been made to improve the rate prediction[64-69]. However, the Preston model does not 
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consider chemical effects and hence has its own limitations to apply in Cu-CMP that requires 
molecular level for complete control and understanding.  
2.1.2.2 Kaufman model 
A more recent model that considers chemical effects has been developed by Kaufman 
who described metal CMP as an alternating process of chemical corrosion and mechanical 
abrasion[70], Figure 1.2. The Kaufman model is accepted as a general qualitative model that 
describes the metal CMP process. Kaufman speculates that the chemical corrosion is a 
process to form a soft passivation layer that is removed by mechanical actions. This is 
because the Kaufman model is based on tungsten CMP where the oxide layer completely 
passivates the tungsten surface. However, in Cu-CMP, copper corrosion is not simply 
passivation but it can also cause dissolution, which makes it more complicated than tungsten 
CMP. Furthermore, the Kaufman model is only a qualitative description, oversimplifying the 
process and hence suffers some serious limitations[15, 71].  
2.1.2.3 Paul model 
It was Paul who considered the complex CMP process in more detail with 
quantitative description of chemical reactions [72]. Paul adopted simple kinetic expressions 
for chemical reactions and mechanical abrasion processes and then combined them to obtain 
an overall CMP rate expression. Chemical dissolution was given by the simplest kinetic 
expression 
*MCDD Nkr =           (2.4) 
where rD is the dissolution reaction rate, kD is the rate constant of dissolution reaction, and 
NMC* is the number of surface sites that are available for dissolution or mechanical abrasion. 
Mechanical abrasion was also given by the simple kinetic expression  ( ) *MCpMM NANkr =       (2.5) 
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where rM is the rate of mechanical abrasion, kM is the rate constant of mechanical abrasion, 
Np is the number of effective abrasive particles, and A is the workpiece area. The overall 
CMP rate was simply given by the addition of chemical dissolution rate and mechanical 
abrasion rate. 
( ) ArrR MDPaul +=      (2.6) 
RPaul is the sum of dissolution and mechanical abrasion processes.  
The main idea of the Paul model is that the complicated chemical reactions and 
mechanical abrasion processes are separable and their kinetic expressions can be combined to 
yield an expression for overall CMP rate. Paul demonstrates that this idea is valid by 
applying his model to tungsten CMP as a function of oxidizer concentration[73], polishing 
pressure and speed[74], and inhibitors[75]. Furthermore, Paul extended this idea to Cu-CMP 
to explain polish rate as a function of oxidizers by considering each chemical reaction in 
more detail [76].  
In the Paul model for Cu-CMP, the oxidation, etching, and mechanical abrasion are 
expressed in simple kinetic expressions and combined to obtain an overall polishing rate. 
They consider three different sites of copper surface, namely, Cu, Cu(I), and Cu(II). Cu and 
Cu(I) are considered oxidized by an oxidizer such as H2O2  
02201122 ][)( nOHkrICuOHCu CO =→+        (2.7) 
12212222 ][)()( nOHkrIICuOHICu CO =→+          (2.8) 
where, 01Ck  and 12Ck  are the rate constants for oxidation of Cu to Cu(I) and Cu(I) to 
Cu(II), respectively. 0n , 1n , and 2n  represent the number of Cu, Cu(I), and Cu(II) on the 
surface, respectively. The equations for etching of Cu(I) and Cu(II) are given by 
111)()( nkraqCuCuICu WW =+→ +      (2.9) 
111 ][)()( nLkraqLCuCuLICu LL =+→+ +        (2.10) 
222
2 )()()( nkraqCuICuIICu WW =+→ +          (2.11) 
222
2 ][)()()( nLkraqLCuICuLIICu LL =+→+ +    (2.12) 
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where, L  represents a ligand that can be used as an etchant and ][L  is its concentration, 1Wk , 
2Wk , 1Lk , and 2Lk  are rate constants for etching of Cu(I) and Cu(II) by water (W) and ligand 
(L). The equations for mechanical abrasion to remove debris Y from the surface into the 
slurry and to reveal the underlying Cu or Cu(I) layers are given by  
000 nrYCuCu MM κ=+→    (2.13) 
111)( nrYCuICu MM κ=+→    (2.14) 
222)()( nrYICuIICu MM κ=+→    (2.15) 
where, 0Mκ , 1Mκ , and 2Mκ  are mechanical abrasion rate constants that include the effects of 
pressure and speed by PvkMiMi =κ . The schematic diagram of these chemical reactions that 
occur during Cu-CMP is shown in Figure 2.2. The material removal rate per surface area is 
the sum of each term for the removal processes 
W
LWLWMMM
A
nLnLnnnR 222111222111000 ])[('])[('''' κκτκκτκτκτκτ ++++++=  (2.16) 
where, 'τ  represents the monolayer removal volume, and '0τ , '1τ , and '2τ  are mechanical 
removal volumes for Cu metal, Cu(I), and Cu(II), respectively. Under the steady state 
conditions, dtdni , expressed in terms of kinetic rate expressions for oxidation, etching, and 
mechanical abrasion, become zero. 
011110 =+++−= MLWO rrrrdt
dn      (2.17) 
0212211211 =+−++−−−= MMLWLWOO rrrrrrrrdt
dn         (2.18) 
022222 =−−−= MLWO rrrrdt
dn     (2.19) 
Using the equations (2.16) along with (2.17), (2.18), and (2.19), they obtained a quantitative 
expression for overall material removal rate. Assuming mechanical variables and complexing 
agent concentrations to be held constant, the overall material removal rate is given by 
[ ] [ ]
[ ] [ ]2222243
2
2222210
OHOHaa
OHaOHaaR ++
++=         (2.20) 
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for peroxide oxidizers, where ai depends on the mechanical rates, chemical rates, and the 
removal depths (detailed expressions of ai are given in reference [76]), τi, which is given by 
2' Cuii dττ = . They also find the removal rate expressioin for non-peroxide oxidizers [ ]
[ ]
[ ]
[ ] PvCPvb
CbPvbPv
CkPvk
CkkPvkkR
CM
CMMM
+
+=+
+=
3
21
012
0122200 ττ   (2.21) 
where [ ]C  is oxidizer concentration replacing [ ]22OH , P is pressure, and v is relative 
velocity of the wafer against the pad and bi is given by 012001 CMM kkkb τ= , 222 Mkb τ= , and 
0123 CM kkb = . The simulated results shows good agreement with experimental measurement 
as a function of various oxidizers, including hydrogen peroxide, K3Fe(CN)6, KIO3, and 
K2Cr2O7. By this successful simulation, they demonstrate that their assumptions are also 
valid for Cu-CMP.  
Paul model significantly improves CMP models by incorporating simplified kinetic 
models and obtaining a quantitative expression for material removal rate. However, Paul 
model has its own limitations. First, the Paul model fits the material removal rate as a 
function of oxidizers in the presence of glycine and mechanical abrasion, without knowing 
the kinetic information about each reaction. Since they don’t have fundamental kinetic 
information, they lump sets of kinetic constants together creating a new set of parameters to 
fit measured material removal rates. Hence, the Paul model cannot yield kinetic rate 
constants of the fundamental reaction mechanisms by fitting experimental results. Second, 
pH, the most important chemical factor in Cu-CMP, is not incorporated as an independent 
variable for the equation of material removal rate. Third, simplified kinetic mechanisms are 
used rather than more realistic mechanisms for chemical reactions. As a result, information of 
fundamental chemical reactions is not obtained by the Paul model. Kinetic study of 
individual chemical reactions is still needed so that more advanced CMP model can be 
constructed, which motivated this work.  
2.2 Quartz crystal microbalance (QCM) 
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The quartz crystal microbalance (QCM) is a technique that can detect various events 
at solid-liquid interfaces. The operating principle of QCM is based on piezoelectricity of 
quartz crystal discovered by Jacques and Pierre Curie in 1880[77]. A quartz disk is 
sandwiched between two metal films and the application of alternating potentials to the metal 
films leads to a shear mode vibration of the quartz crystal, which is sensitive to any changes 
on the surface. Sauerbrey first revealed that the change of mechanical strain or resonance 
frequency of quartz crystal has a linear relationship with additional mass on the crystal 
surface[78]. Although QCM is capable of observing various interface phenomena, i.e. 
roughness, viscosity, etc., major applications are based on its capability of mass detection 
with high sensitivity.  
2.2.1 Fundamental principles of QCM 
2.2.1.1 Piezoelectric effect 
The piezoelectric effect was originally discovered by Jacques and Pierre Curie in 
1880[77]. Since then, the explanation of piezoelectric effect in molecular level was given by 
Lord Kelvin in 1946.[79] Figure 2.3A shows a model that represents a unit cell of a quartz 
crystal that consists of positive and negative ions. Assuming each positive and negative ion 
has charge of +q and –q, respectively, the net charge of the unit cell is zero. In addition, the 
three pairs of dipoles are balanced making the net dipole moments zero. Let’s suppose a 
mechanical stress is applied to this unit cell causing deformation as shown in Figure 2.3B. 
The deformation shifts the charge balance to left and right hand side for positive and negative 
charges, respectively. The ions shift along the corner of circle to maintain the distance of 
oppositely charged dipoles. The result of this charge balance shift is the generation of non-
zero dipole moments in the horizontal direction. When a reverse of this pressure is applied, 
the shifts of net charge and dipole moments are reversed with the same magnitude. More 
detailed mathematical description of piezoelectricity can be found in literature.[80] The 
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converse-piezoelectric effect is achieved by applying electric voltage to the unit cell, 
producing mechanical strain.  
2.2.1.2 Quartz crystal and mass detection by Sauerbrey’s relationship 
Various crystal and ceramics have piezoelectricity and quartz crystal is mainly used 
for QCM application. Chemical formula of quartz crystal is silicon dioxide, SiO2. Quartz 
crystal has two stable forms depending on temperature and alpha quartz that is stable below 
573 °C is of interest as a resonator. Figure 2.4 shows an alpha quartz crystal[81]. Quartz 
crystal must be cut to have a specific orientation with respect to z-axis in order to be used in 
a QCM device. Various cuts are available but AT-cut quartz crystal, which has angle of 35 ° 
15 ′ relative to z-axis, is mainly used because of its low temperature-coefficient at room 
temperature[82, 83]. In other words, AT-cut quartz crystal has minimal frequency variation 
by temperature changes, especially between 0 and 50 °C, which makes temperature-
coefficient close to zero.  
Quartz crystal is cut to have disk shape and electrodes are vapor-deposited on both 
sides to apply electric potential (Figure 2.5A). Applying potential to quartz crystal through 
the metal electrodes produces mechanical strain. The deformation is elastic and parallel to the 
surface of quartz crystal. Opposite potential creates mechanical strain with opposite direction. 
Therefore, applying alternate potential causes the quartz crystal to vibrate in thickness shear 
mode (Figure 2.5B) and creates a transverse acoustic wave (Figure 2.5C). Transverse 
acoustic wave proceeds across the thickness of quartz crystal (tq,0), reflecting back into the 
crystal at the surfaces. When the wavelength of acoustic wave is equal to 2 tq, standing wave 
condition is satisfied and resonant frequency (f0) is given by  
0,
0
0 2 qtr tf
v ==λ          (2.22) 
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where vtr represents transverse velocity of sound in AT-cut quartz [84]. Crystal surfaces act as 
antinodes of acoustic wave. When the crystal surface is uniformly covered by an additional 
layer of foreign material, the acoustic wave travels through the additional layer in addition to 
quartz crystal. This fractional change of thickness results in change of resonant frequency 
(∆f).  
( )ttt
f
v
qq
tr ∆+=== 0,1,
1
1 22λ     (2.23) 
tq,1 is combined thickness of quartz crystal and additional layer (∆t) and f1 is new resonant 
frequency by additional layer. The difference between the new resonant frequency, f1, and the 
original frequency, f0, is given by 
( )ttt tvfff qq tr ∆+
∆−=−=∆
0,0,
01 2
    (2.24) 
Hence, the ratio of ∆f against original frequency, f0, is 
trv
ft
f
f 1
0
2 ⋅∆−=∆          (2.25) 
On the other hand, the thickness change (∆t) is expressed by mass change (∆m) 
qA
mt ρ⋅
∆=∆         (2.26) 
where A is piezoelectrically active surface area and ρq is quartz density (ρq = 2.648 g cm-3). 
The transverse velocity of sound in quartz, vtr, is expressed by 
q
q
trv ρ
µ=      (2.27) 
where µq is shear modulus of quartz (µq = 2.947 × 1011 g cm-1 s-2). Rearrangement of 
equation (2.25) with (2.26) and (2.27) gives a new expression for ∆f. 
qqqq A
mf
A
mff ρµρµ ⋅⋅
∆⋅⋅−=⎟⎟⎠
⎞
⎜⎜⎝
⎛
⋅⋅
∆⋅⋅+∆
2
00 221    (2.28) 
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When the mass of additional layer (∆m) is extremely small, the right term inside parenthesis 
of equation (2.28) becomes negligible compared to 1 to make 
qqA
mff ρµ ⋅⋅
∆⋅⋅−≈∆
2
02              (2.29) 
Equation (2.29) is well known Sauerbrey equation[78]. The right hand side of equation (2.29) 
is constant except for ∆m 
mCf f ∆⋅−=∆           (2.30) 
where Cf is the integral sensitivity constant and corresponds to ( )2/12/1202 qqAf ρµ . For 10 
MHz AT-cut quartz crystal, Cf is equal to 2.26×102 Hz cm2 µg-1. It is considered that QCM 
measurement is accurate when mass loading is less than 2 % of quartz crystal weight[84].  
Sauerbrey’s relationship to measure mass loading on quartz crystal requires several 
assumptions. First assumption is so-called no-slip condition, which states that displacement 
and shear stress of quartz crystal and additional layer are continuous across the interface. 
Second assumption is that the density and the transverse acoustic wave velocity in additional 
layer are alike with those of quartz crystal. In addition, it is required that additional layer is 
uniformly deposited across the resonator surface. Ideally, frequency change according to 
mass loading needs to be identical regardless of radial distance from the center of quartz 
crystal resonator. In other words, local (differential) sensitivity constant ( dmdfc f = ) is 
required to be same with integral sensitivity constant, Cf. However, local sensitivity is greater 
at the radial center of resonator than at the edge[85]. Therefore uniform deposition of 
additional layer will validate the use of Sauerbrey’s equation to measure average thickness.  
2.2.2 QCM applications in liquid for kinetic process observation 
QCM is one of the most effective tools to investigate kinetic processes in liquid. Early 
development of QCM is to detect mass change at gas and vacuum environment but it was 
also required to use in liquid environment[86]. However it was not applicable until 
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Kanazawa and Gordon revealed that the shift of resonant frequency by liquid loading is 
discernible from mass change on the resonator surface[87, 88]. Kanazawa and Gordon 
obtained a quantitative description of velocity distribution in the fluid and presented a simple 
expression for the frequency shift in contact with a liquid fluid based on a simple shear wave 
model. The frequency shift depends on fluid viscosity and density according Kanazawa and 
Gordon equation. However, the sensitivity of quartz resonator on mass loading is unaffected 
by liquid contact. In addition, the fast response time of quartz resonators allows QCM to 
monitor many surface reactions real time in liquid solutions although it is slower than in 
contact with air [89]. Therefore, QCM is an ideal technique to investigate interfacial 
reactions in liquid for kinetic study.  
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Figure 2.1 Potential-pH equilibrium diagram for Cu-water system at 25 °C[1]. 
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Figure 2.2 Schematic diagram for chemical reactions in Cu-CMP according to Paul model 
[76]. Various chemical and mechanical reactions are expressed in a simple kinetic rate model.  
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Figure 2.3 A model of a unit cell in quartz crystal (A) and piezoelectric effect by applying 
mechanical stress (B) (adapted from [90]).  
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Figure 2.4 Alpha quartz crystals and AT-cut that has angle of 35 ° 15 ′ relative to z-axis[81].  
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Figure 2.5 Quartz crystal resonator (A), thickness shear mode vibration (B), and surface 
acoustic wave (C) (adapted from [81] and [84]). Surface acoustic wave is created by applying 
alternating potentials through metal electrodes on both sides of quartz crystal. When an 
additional layer is formed, the resonant frequency of acoustic wave is decreased, which is 
proportional to the increased weight. 
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Chapter 3. Copper Etching Rate Study in Contact with Glycine, 
H2O2, and Benzotriazole at Low pH 
3.1 Abstract 
The impact of benzotriazole (BTA), glycine, and H2O2 on copper etching in aqueous 
media at pH 2 was studied. Etching rate of copper in contact with the chemicals was 
measured by in-situ real time quartz crystal microgravimetry (QCM). Kinetics of chemical 
reactions between copper and the chemicals were studied by fitting the measurement with an 
etching rate formula that contained kinetic rate constants. QCM measurement and kinetic 
analysis broadened understanding of fundamental chemical reactions. In the absence of other 
chemical agents, copper etching rate was dependent on pH in aqueous solutions. At low pH, 
metallic copper was a dominant surface site and removed at a constant rate for a pH. Glycine, 
which was known as a complexing agent, reduced copper etching rate at pH 2 by depriving 
oxide ions that oxidized metallic copper for dissolution. H2O2 increased etching rate 
significantly by oxidizing metallic copper to more soluble copper oxide. BTA reduced 
etching rate considerably by Langmuir-type inhibitive adsorption isotherm. Additive etching 
rate model was developed based on detailed reaction kinetics of the chemical agents with 
copper. Chemical components interacted with one another as well as copper surface. When 
put together, H2O2 suppressed the inhibition effect of BTA while the presence of glycine had 
little impact on chemical actions of H2O2 and BTA. The additive model was compensated for 
the secondary impacts that arose among chemical components, which was the major 
difference with Paul’s model. H2O2 was a dominating factor compared with the other two 
components to control copper etching rate at pH 2.  
3.2 Introduction 
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Solid copper has a variety of applications in industry such as electronic wires, coinage, 
tubing for plumbing, heating, and air-conditioning and hence copper chemistry has been 
studied for decades due to its importance and economic impact in industry. One of the major 
research interests was corrosion prevention in order to prolong the lifetime of copper 
products and to reduce environmental contamination by dissolved copper ions[1, 2]. Recently, 
Damascene and chemical mechanical polishing (CMP) processes have been introduced to 
create interconnect lines in integrated circuit (IC) chip making procedure[3-5], which 
extended copper applications to semiconductor industry. Damascene process electrodeposits 
copper to form interconnect wires, which produces a necessary overburden. The following 
CMP step removes the overburden and planarizes the surface for subsequent layers formation. 
CMP is carried out by combination of mechanical abrasion and chemical corrosion and the 
performance is determined by material removal rate and surface planarity. It is required to 
improve the CMP performance for reducing production time and quality enhancement of IC 
chips. One of the main hurdles to achieve maximum CMP performance is insufficient 
knowledge about the chemical reactions provided by a variety of chemical components so 
that it limits component selection and its proper concentration, etc. 
Four classes of chemicals are generally known to have considerable impacts on 
copper etching in aqueous solution, which includes inhibitor, oxidizer, complexing agent, and 
pH. It is pH that has the most significant impact on copper etching since it determines the 
surface oxidation state of copper and chemical agents change their forms according to pH. 
For instance, Cu/Cu2+ is at equilibrium at low pH while Cu/Cu2O/CuO is more stable at 
higher pH as it appears in Pourbaix diagram (Figure 2.1)[6]. In addition, one of the 
complexing agents, glycine changes its chemical forms depending on pH[7, 8]. Inhibitor is 
widely studied for copper corrosion protection. Benzotriazole (BTA) and its derivatives are 
well known as effective inhibitors[9-13]. They form protective layers on copper surface and 
decrease dissolution by physically reducing the contact with solution[14]. Triazole ring in 
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BTA is combined with copper surface to form protective complexes[12] and its orientation 
depends on surface structure of copper[15]. Inhibitive adsorption follows the Langmuir 
adsorption isotherm at low concentration, which is converted to polymeric complexes at high 
concentration[16]. Oxidizing agent provides control of copper oxidation states without 
changing pH, where different oxidation states of copper have different chemical and 
mechanical properties. Representative oxidizers include H2O2[17, 18], IO3-[19], K2Cr2O7[20], 
etc. Complexing agents combine with copper molecules to form soluble species and 
accelerate etching rate. The presence of glycine[8] or ethylenediamine[21] changes potential-
pH equilibrium diagrams from those in aqueous solution.  
Qualitative information about the major chemical reactions is available as stated 
above and several CMP rate models have been developed based on this insufficient 
information to explain material removal rate or chemical dissolution rate as a function of 
mechanical abrasion or chemical components. Preston model is generally accepted as the first 
CMP rate model[22]. However, Preston explained material removal rate as a function of 
mechanical terms without consideration of chemical effects. More advanced CMP model that 
incorporates chemical impacts was developed by Kaufman[23]. Kaufman described CMP 
process as an alternating process of chemical corrosion to form a soft layer that is removed 
by mechanical abrasion. However, Kaufman model is still limited as a qualitative description 
and no detailed chemical information is acquired. It is quite recent that semi quantitative 
model was developed considering major chemical reactions in kinetic expressions. Paul 
adopted simplified kinetic expressions for major chemical reactions and mechanical abrasion 
and then combined to produce an expression for overall material removal rate[24]. Paul 
explained the rate of tungsten CMP as a function of oxidizer, inhibitor, and mechanical 
contribution[25-27]. Copper CMP (Cu-CMP) rate was also explained by Paul model as a 
function of oxidizer concentration and mechanical terms[28].  
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The main idea of Paul model is that the various chemical and mechanical reactions 
are separable and additive combination of the individual rate expressions could give a 
quantitative CMP rate model.  Paul demonstrated that simple combination of various kinetic 
expressions could explain dissolution rate or material removal rate as a function of chemical 
composition or mechanical components. Paul model significantly improves CMP model by 
drifting the modeling from qualitative to quantitative stage. However, Paul did not study 
individual reactions for kinetic information and hence their model is still lack of fundamental 
understanding, missing some important factors, such as pH, and oversimplifying some 
chemical reactions.  
In this study, we will investigate elementary chemical reactions first and clarify their 
quantitative kinetic expressions. Once the fundamental chemistries are elucidated, an additive 
etching rate model that incorporates complete kinetic expressions will be developed. The 
additive model is tested for more complex systems that contain multiple chemical agents and 
modified for deviations from predicted values. Copper etching rate is measured by in-situ 
quartz crystal microgravimetry (QCM) to investigate chemical reactions of glycine, hydrogen 
peroxide, and BTA with copper.  
3.3 Experimental 
Materials and Reagents: Chemical agents were used as received. Hydrogen peroxide 
were received from Fisher scientific (Pittsburgh, PA). Benzotriazole (BTA) and glycine were 
received from Alfa Aesar (Ward Hill, MA). 18 MΩ Deionized water (Nanopure, Barnstead, 
Dubuque, IA) was used to prepare all aqueous solutions. pH was adjusted by using sodium 
hydroxide (Mallinckrodt Bolder inc., Hazelwood, MO) or sulfuric acid (Fisher Scientific). 
Prepared solutions were deaerated by N2 for 30 min before use. 
Sample preparation: Samples were prepared by depositing copper on gold coated 
quartz crystal. Gold coated AT-cut 10 MHz quartz crystal was received from Elchema corp. 
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(Potsdam, New York). The quartz crystal disk had 14 mm diameter and 0.166 mm thickness. 
Gold was coated at center on both sides of the quartz crystal with 5 mm diameter and 
connected to steel contact. 99.9 % pure copper wire was received from Goodfellow (Devon, 
PA) and deposited on gold by 100 nm vacuum evaporator (DV-502A, Denton Vacuum, 
Moorestown, NJ) for QCM measurement.  
Quartz crystal microgravimetry (QCM): Copper etching rate was measured in real 
time by quartz crystal microgravimetry (QCM) with a flow cell system (Figure 3.1). Fast 
response (1-5 ms) and high sensitivity (< 1 ng) were the main reason to select QCM as a real 
time measurement tool. Steel contact that was linked to gold film on each side of quartz 
crystal was connected to frequency measurement system (EQCN-700, Elchema, Potsdam, 
NY). Prepared solutions were injected through a tube by a syringe pump (Genie Kent, Kent 
Scientific Corp., Torrington, CT) at a constant flow rate (1 ml / hr). The flow rate of solution 
was adjusted to minimize the frequency fluctuation while keeping the solutions to flow 
continuously. Copper deposited side was faced with introducing solutions and the other side 
was exposed to the air. The flow cell system and quartz crystal were placed inside a Faraday 
cage (Elchema, Potsdam, NY) to minimize noise.  
Electrochemistry: Electrochemical measurement was carried out by chi 760B 
workstation (CH instruments inc., Austin, TX). Pt disk electrode that has 1/16 inch diameter 
was used for cyclic voltammetry in gas controlled aqueous solutions. Hg2SO4 and Pt/Ir 
electrodes were used as reference and counter electrodes, respectively. For open circuit 
potential measurement in pH controlled solutions, copper wire with 0.25 mm diameter was 
used.  
3.4 Results and discussion 
Prior to the investigation about chemical reactions, it is required to clarify how copper 
responds to pH in aqueous solutions in the absence of chemical agents. Thermodynamic data 
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is available for copper in aqueous solutions [6]. According to the Pourbaix diagram (Figure 
2.1), copper has different equilibrium states and outermost surface, depending on solution pH. 
The pH regions are divided for corrosion or passivation in this thermodynamic diagram. 
However, the thermodynamic diagram does not provide kinetic information about corrosion 
rate or passivation. In-situ QCM is employed to study the kinetics. In QCM measurement, 
observed frequency change is directly related with mass change by Sauerbrey’s equation 
(2.9) and hence corrosion rate or passivation layer formation can be measured. Figure 3.2A 
shows an example of real time measurement for etching at pH 2 and for passivation at pH 9. 
The frequency increase at pH 2 represents that material is removed because the mass change 
is negatively proportional to frequency change and the straight line of frequency increase 
indicates that the removal rate is constant. When a solution at high pH is introduced 
following the pH 2 solution, the frequency increase is retarded and finally stopped, indicating 
passivation. The amount of frequency decrease is proportional to the added weight of 
hydroxide ions. Please note that the exact chemical composition of passivation layer is not 
clear and still controversial[1, 6, 29-31]. We will use the term, passivation layer, here for 
convenience. Dissolution rate is obtained by dividing the slope ( dtdf ) by sensitivity 
constant (Cf: 2.26 × 108 Hz cm2 g-1) and copper density (dCu: 8.93 g cm-3).  
Cuf dCdt
df
dt
dh 1=      (3.1) 
Approximate passivation layer thickness is obtained by considering increased weight of 
hydroxide ions (OH-), molecular weight (MWCu(OH)2), and density (dCu(OH)2) of copper 
hydroxide, ( )2OHCu , for convenience.  
( )
( )
( )2
2
2 OHCuOHf
OHCu
OHCu dMWC
MW
fh
x
∆≈∆        (3.2) 
Figure 3.2B presents the etching rate change and the passivation layer thickness depending 
on pH. The observed etching rate change and passivation correspond with the region of 
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corrosion and passivation in the Pourbaix diagram. Figure 3.2B not only agrees with 
thermodynamic diagram but also provides kinetic information. In order to explain the kinetic 
aspects, oxidation mechanism of copper must be considered.  
At low pH, metallic copper is removed from the surface at a constant rate. 
−+ +→ eCuCu 22   00,0 nkr DD =    (3.3) 
r0,D is reaction rate for dissolution of metallic copper, k0D is kinetic rate constant, and n0 is 
surface site density of metallic copper. As pH is increased, the surface is passivated by 
combination with hydroxide ions.  
( ) −− +⎯⎯←
⎯→⎯+ xeOHCuxOHCu sxaqs )()()(    [ ]xppv OHK −= 0θ
θ
 (3.4) 
Kpv is equilibrium constant for the passivation reaction, θ0 (n0/nT) and θp (np/nT) are the 
relative surface site densities of Cu and ( )xOHCu  against the total surface site density (nT), 
respectively, and x is a constant. The relative amount of θ0 and θp depends on each other by 
the oxidation reaction (3.4) and their summation is unity (θ0 + θp = 1). Therefore, θ0 that 
depends on pH is related with Kpv by  
[ ]xpv OHK −+= 1
1
0θ     (3.5) 
The copper dissolution rate that depends on pH can be re-expressed as an etching rate 
constant (R0) multiplied by the relative surface site density (θ0) that is available for etching. 
 00θRRpH =    (0< pH <13)    (3.6) 
RpH is dissolution rate that depends on pH in [nm min-1] and R0 is etching rate constant that is 
proportional to the kinetic rate constant, k0D ( CuTD dnkR 00 = , dCu represents density of Cu). 
Solid line in Figure 3.2B represents RpH and fits measured data well with the values of Kpv 
equal to 5.20 × 1010 and x equal to 1.00. The fact that the value of x is equal to one represents 
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the formation cuprous hydroxide ( )1OHCu . Although cuprous hydroxide is unfavorable 
thermodynamically, it is a representative of complex structures of passivation film on the 
surface.  
Depending on pH, copper surface is represented by either metallic copper or 
passivation layers that have different chemical properties. This chapter focuses on the 
reactions of metallic copper at low pH and pH 2 is selected for study where RpH is 0.35 nm 
min-1 (measured, calculated RpH is 0.41 nm min-1). At low pH, copper requires oxygen to be 
etched[6] and hence we observed etching rate change according to purging time with oxygen 
(Figure 3.3). Note that the first data point in Figure 3.3 (etching rate at 0 min of O2 purging) 
represents the etching rate after purging with N2 for 30 min. Contrary to our expectation, 
etching rate is not increasing with more purging time by O2. We checked how oxygen 
concentration was changing according to time after purging with N2. Figure 3.4A shows 
cyclic voltammetry (CV) of Pt in 1 mol l-1 H2SO4 solution with Hg2SO4 as a reference 
electrode (RE) and Pt/Ir as a counter electrode (CE) after purging with N2 for 30 min (N2 
purged) and O2 for 10 min (O2 saturated). After 4.5 hours since N2 purging, CV curve shifted 
toward the saturated CV curve, indicating O2 was diffused into the solution. The peak current 
density during cathodic scan is due to the reduction of PtOx that was oxidized during anodic 
scan and corresponds to the amount of O2 in solution. The solubility of O2 in aqueous 
solution follows Henry’s law and at 25°C it is 0.258 mol l-1[32]. Figure 3.4B shows O2 
concentration change in solution according to time after purging with N2. After about 4 hours, 
O2 concentration in solution reaches to about 10 % of saturation or 3ⅹ10-2 mol l-1 or so. 
Etching rate measurement using QCM normally takes 2 to 6 hours and hence the solution 
contains more than about 1.5ⅹ10-2 mol l-1 of O2 concentration. Etching rate measurement in 
Figure 3.3 shows that this amount of O2 is enough not to limit copper dissolution. It was 
checked by open circuit potential (OCP, EOC) measurement of copper in pH controlled 
solutions. The open circuit potential is mixed potentials determined by anodic (copper 
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corrosion) or cathodic (oxygen reduction) reaction. Figure 3.5 shows that the change of OCP 
in solutions after 4 hours of purging either by O2 or N2 and OCP is not much different no 
matter whether the solutions are purged by O2 or N2. It demonstrates that copper corrosion is 
not limited by oxygen reduction or concentration in solution.  
Addition of a chemical agent changes the etching rate by interaction with copper 
surface. Figure 3.6 shows overall etching rate change when glycine is included. Glycine 
inclusion does not improve but reduces etching rate. Glycine is known as a complexing agent 
that combines with cupric ions (Cu2+) to form soluble species and changes thermodynamic 
stability of copper. In aqueous solutions, glycine exists as a cation (+H3NCH2COOH, +2GH ) 
at low pH and is reduced to zwitterion (+H3NCH2COO-, −+GH ) and anion (H2NCH2COO-, 
−G ) at higher pH. Their relative amounts at equilibrium depend on pH in aqueous 
solutions[7].  
++−+ =+ 2GHHGH   [ ][ ] ⎭⎬
⎫
⎩⎨
⎧+= +
−+
2
log350.2
GH
GHpH     (3.7) 
−++− =+ GHHG   [ ][ ]⎭⎬
⎫
⎩⎨
⎧+= −+
−
GH
GpH log778.9     (3.8) 
In order to understand the etching rate reduction by glycine, corrosion process needs to be 
considered. The mechanism of copper corrosion in aqueous solution was studied by Ives and 
Rawson[29]. They speculated that copper etching consists of a series of reactions that involve 
oxygen as an oxidant and proton as an etchant. Copper is first dissociated into cuprous ions 
and electrons. 
−+ +⎯⎯←
⎯→⎯
eCuCu ss )()(     (3.9) 
The electrons ionize oxygen dissolved in solutions to oxide ions.  
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−−
⎯⎯←
⎯→⎯+ 2 )()(2 2
1
4
1
aqg OeO      (3.10) 
The cuprous ions on the surface and oxide ions combine to form cuprous oxide.  
)(2
2
)()( 2
1
2
1
saqs OCuOCu ⎯⎯←
⎯→⎯+ −+        (3.11) 
The cuprous oxides interact with more oxygen and protons to be removed from the surface.  
OHCuHOOCu aqaqgs 2
2
)()()(2)(2 24
1
2
1 +⎯⎯←
⎯→⎯++ ++       (3.12) 
Glycine introduction is believed to consume a fraction (ng0) of the oxide ions produced 
according to (3.10) and hence decrease oxidation rate of metallic copper.  
OHGHOGH aqaqaq 2)(
2
)()(2 2
1
2
1 +⎯⎯←
⎯→⎯+ −+−+    [ ] [ ]−++ −= GHkGHkr bGDPfGDPGDP ,2,   (3.13) 
rGDP is reaction rate for deprotonation of glycine(GDP) and kGDP,f and kGDP,b represent 
forward and backward rate constants, respectively. The concentrations of cations and 
zwitterions are co-related by (3.7) and their summation is total concentration of glycine.  
[ ] [ ] [ ]GGHGH =+ −++2      (3.14) 
Hence, the reaction rate rGDP can be rewritten in terms of glycine concentration rather than 
cations and zwitterions by using the equation (3.7) and (3.14) 
[ ] ( )35.2,,35.2 10101 −− −+= pHbGDPfGDPpHGDP kkGr      (3.15) 
Cuprous ions on the surface ( + )(sCu ) that are not oxidized by 
−2
)(aqO  are associated with 
−+GH  
and stabilized at surface.  
−++−++ −⎯⎯←
⎯→⎯+ )()()( saqs GHCuGHCu          (3.16) 
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Therefore, the amount of + )(sCu  part that is stabilized at surface by coupling with 
−+GH  
corresponds to the decreased etching rate. The decrease of etching rate by addition of glycine 
at low pH was also observed by Du et al.[33] They obtained etching rate of copper by 
measuring corrosion current and observed decrease by the addition of glycine at pH 2.  
Etching rate formula is now updated for glycine solution at low pH.  
[ ] 0,02
,0
gn
GpH
G
GRR
dt
dh +=⎟⎠
⎞⎜⎝
⎛        (3.17) 
R0,G is etching rate for glycine at pH 2 and directly related with the kinetic rate constants in 
equation (3.14) by  ( )
35.2
35.2
,,
,0 101
10
−
−
+
−−= pH
pH
bGDPfGDP
G
kk
R ,   (3.18) 
which is the same expression with rGDP in equation (3.15) excluding [G]. Equations (3.17) 
and (3.18) show that etching rate at low pH is simply updated by adding another etching term 
for glycine, which is etching rate, R0,G, multiplied by glycine concentration with a factor, ng0, 
which represents the part of + )(sCu  complexed with glycine and stabilized on the surface. 
Solid line in Figure 3.6 shows the calculation by equation (3.17) in good agreement with the 
measured data. 
Another important chemical agent is an oxidizer since it provides the control of 
surface oxidation states that have significant impact on etching rate without changing pH. 
Hydrogen peroxide, H2O2, is a strong oxidizer and the most studied one for CMP 
applications. Figure 3.7 shows that overall etching rate increases linearly against the 
concentration of hydrogen peroxide. The prevailing reaction of hydrogen peroxide with 
copper surface at low pH is oxidation of Cu to CuO. Cupric oxides are the form of 
dissolution and hydrogen peroxide accelerates the oxidation rate and hence corrosion rate.  
)(222)( aqs OHCuOOHCu +⎯→⎯+  [ ]2200,0 OHnkr HH =   (3.19) 
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r0,H and k0H are reaction rate and kinetic rate constant respectively for metallic copper 
oxidation by H2O2. Note that the oxidation by H2O2 is additional to the gaseous oxidation 
(3.11). Dissolution of CuO is considered to be fast and both oxidation and dissolution steps 
are irreversible. Etching rate formula with the inclusion of additional oxidation by H2O2 is 
[ ]22,02
,0
OHRR
dt
dh
HpH
H
+=⎟⎠
⎞⎜⎝
⎛         (3.20) 
R0,H is primary etching rate constant for Cu in H2O2 solutions and directly related to the 
kinetic rate constant k0H by  
CuA
CuT
HH dN
MWnkR 0,0 =     (3.21) 
where nT is total surface site density (=1015 atoms cm-2), MWCu is molecular weight of copper, 
dCu is copper density. Kinetic rate constant, k0H is obtained by fitting calculation to the 
measured data. Solid line in Figure 3.7 represents the calculation by equation (3.14). Etching 
rate formula is again updated by simple addition of a term that accounts for the oxidation 
reaction by H2O2. Etching rate change by H2O2 was studied by several authors[34-36]. 
Although it was agreed that H2O2 oxidized copper, quantitative kinetic information was not 
provided. A certain amount of glycine was often put together to observe etching rate change 
according to H2O2 concentration without knowing kinetic information about the interaction 
between glycine and copper surface. They measured dissolution rate according to H2O2 
concentration at pH 4 where more than 80 % of copper surface was passivated. Hence, it was 
possible that copper etching rate was limited by glycine complexation when glycine 
concentration was not high enough. At pH 2, more than 95 % of copper surface is metallic 
copper and hence glycine is not necessary for copper corrosion, which makes the etching rate 
increase continuously.  
The third chemical component is benzotriazole (BTA) that is known as an inhibitor. 
BTA forms a film by chemical bonding with copper surface[12, 37, 38]. This passivation 
film reduces active area for copper corrosion and hence decreases dissolution rate. Figure 3.8 
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is an example of real time measurements with the introduction of BTA. Solution at pH 2 
without BTA is injected first to initiate etching on copper that was initially passivated at high 
pH (1). Soon, etching reaches a constant rate indicating that oxide layer on surface is 
removed (2). Then, BTA-containing solution is introduced and etching rate starts decreasing 
(3), which shows that BTA is forming a film on metallic copper. The reduced etching rate is 
due mainly to the reduced metallic copper site density (n0) and to a little amount of BTA 
weight. Once the film is formed, frequency change is straight and further film formation is 
not observed (4), indicating that BTA film formation on metallic copper is Langmuir type 
adsorption.  
)(0)( 0 snbs b
BTACuBTAnCu −⎯⎯←
⎯→⎯+  [ ] BBbnBfB nkBTAnkr b 0000,0 0 −=   (3.22) 
nb0 is a stoichiometric coefficient for BTA adsorption, r0,B is a reaction rate of BTA 
adsorption on Cu0, n0,B is surface density of BTA-covered Cu0, and k0Bf and k0Bb are rate 
constants for forward and backward reaction of BTA adsorption, respectively. Overall, the 
etching rate change is mainly by BTA adsorption that reduces n0 and by a little weight added 
by adsorbed BTA. Using trial-and-error method, real time surface coverage of BTA on Cu0 
(θ0B) can be reduced from the real time measurement. Theoretical change of θ0,B can be 
obtained by considering BTA adsorption isotherm (3.22), where the reaction rate r0,B is equal 
the rate of BTA-covered surface formation ( dtdn B0 ). 
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Surface coverage (θ0B,t) is a function of rate constants k0Bf and k0Bb, BTA concentration [BTA], 
stoichiometric constant nb0, and time t. At steady state, t goes to infinity and the last term in 
the curly brackets on the right hand side of equation (3.23) becomes unity, which removes 
dependence on t. Figure 3.9 shows dynamics (A) and isotherm (B) for BTA adsorption and 
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measured surface coverage is compared with theoretical expression by equation (3.23). 
Theoretical calculation fits the measured data very well for both dynamics and isotherm 
curves. There are two surface sites in the presence of BTA. One is Cu0 (θ0) that is available 
for both etching and BTA adsorption. The other site is BTA-covered Cu0 (θ0B) that is inactive 
for etching or further adsorption. Hence, in BTA-containing solution, etching rate change is 
determined by BTA surface coverage. Overall etching rate change formula is then RpH2 
multiplied by active surface site (θ0) and θ0 is regulated by BTA adsorption. 
02
,0
θpH
B
R
dt
dh =⎟⎠
⎞⎜⎝
⎛     (3.24) 
Since the summation of θ0 and θ0B is close to unity,  
[ ] BbnBf
Bb
kBTAk
k
b
00
0
0 0 +≈θ       (3.25) 
Overall etching rate at steady state takes a reverse form of adsorption isotherm (Figure 3.9B).  
The objective of this study is to develop a quantitative kinetic model for copper 
dissolution in aqueous solutions. Copper dissolution is a complicated process and complete 
picture of kinetic mechanism has been lacking, especially when chemical agents are 
incorporated. One of the complications is due to the existence of multiple copper surface sites 
and pH control in this study segregated metallic copper from the others, minimizing the 
number of involved reactions. Kinetic study of glycine, H2O2, and BTA with copper at pH 2 
elucidated the reaction mechanism, which is a basis for CMP model development. The 
quantitative description of kinetic processes will also make the CMP model quantitative and 
the control of CMP process along with slurry preparation will become much more advanced 
by using this quantitative dissolution rate model. The construction of dissolution rate model 
follows the idea of Paul’s model, that is, to combine the individual etching rate formula 
additively.  
[ ] [ ]( ) 022,0,02
0
0 θOHRGRR
dt
dh
H
n
GpH
g ++=⎟⎠
⎞⎜⎝
⎛     (3.26) 
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θ0 is given by (3.25). This additive model (3.26) simply combines the previous formulas 
(3.17), (3.20), and (3.24) without duplication. When the equation (3.26) is used for individual 
chemical reactions, it successfully predicts as the individual formulas do. The additive 
formula should predict etching rate for multi-component system without significant 
deviations if the concept of additive model works.  
In order to examine if the additive formula (3.26) works for more complicated 
systems, two or more components are put together and etching rates are measured. One 
concentration is chosen for glycine and H2O2 and put into each other’s solution so that the 
etching rate is observed for one in the presence of the other.  Figure 3.10 shows the 
measurement for glycine and H2O2 bi-component system and prediction by equation (3.26) 
(dashed line). Etching rate dependence on H2O2 is not much different from that with single 
H2O2. Etching rate increases linearly with H2O2 concentration increase. Compared with H2O2, 
etching rate dependence on glycine is small. In presence of H2O2, it is believed that gaseous 
oxidation by oxygen (3.11) is negligibly small compared with the oxidation by H2O2. 
Prediction by the additive model shows slight deviations for both systems. These deviations 
are compensated by incorporating secondary etching rate constants that account for the 
possible interactions between H2O2 and glycine. For instance, the primary etching rate 
constants R0,G and R0,H are updated to include secondary rate constants R0,GH and R0,HG, where 
the former accounts for impact by H2O2 to glycine and the latter by glycine to H2O2. 
Secondary rate constants are multiplied by each component concentration and added to R0,G 
and R0,H.  
 [ ] [ ]BTAROHRRR GBGHGG ,022,0,0,0 ++⎯→⎯   (3.27-1) 
[ ] [ ]BTARGRRR HBHGHH ,0,0,0,0 ++⎯→⎯    (3.27-2) 
R0,GB and R0,HB are secondary constants for BTA with glycine and H2O2, respectively. The 
inclusion of secondary constants represents the change of etching rate dependence on a 
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chemical component by the presence of another. For instance, chemical state of a component 
that affects etching rate can be transformed to another, which would cause the etching rate 
dependence on the chemical agent to change. Detailed information about secondary 
interactions would require further study and at this moment and they are incorporated by 
secondary rate constants. Adsorption isotherm term remains unmodified since the 
modification on that term does not improve the fitting much but makes the etching rate 
formula complicated. Solid lines in Figure 3.10 represent the fitting with secondary rate 
constants. Fitting is slightly improved by the incorporation of secondary constants, which 
indicates weak interaction between glycine and H2O2.  
Figure 3.11 shows the bi-component measurements and fitting for glycine and BTA. 
The presence of both BTA and glycine suppresses etching rate significantly. In addition, 
including secondary rate constants improves the fitting by calculation but the difference is 
small. The little improvement of fitting by calculation with secondary constants indicates that 
the presence of BTA or glycine does not affect chemical reaction of the other component 
considerably. In the same way, H2O2 and BTA are put together and etching rate is observed 
(Figure 3.12). BTA and H2O2 bi-component system has a noticeable change. Etching rate is 
not decreased by BTA, as indicated by the additive model (dashed line) and relatively large 
gap exists between measured data and the additive model. Etching rate dependence on H2O2 
is nearly unchanged regardless of BTA or glycine presence. On the other hand, inhibitive 
effect of BTA nearly disappears in presence of H2O2, which indicates H2O2 oxidizes not only 
copper but also BTA so that BTA loses its adsorption capability. The large gap between 
measured data and prediction by additive model comes from this secondary interaction. 
Incorporation of secondary etching rate constants updates prediction and fits the 
measurement.  
Three components of glycine, BTA, and H2O2 are put together and etching rate is 
measured (Figure 3.13). Etching rate dependence on glycine is now increasing along with 
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glycine concentration in the presence of BTA and H2O2. Inhibitive etching rate reduction by 
BTA is not observable again. Compared with glycine and BTA, H2O2 has the most 
significant impact on etching rate. Fitting by calculation using equation (3.26) and (3.27) 
shows noticeable gap with the measured data. It is hard to prove what tertiary reactions are 
but it is apparent that the etching rate formula (3.26) and secondary etching rate constants 
(3.27) need to be updated by incorporating tertiary constants.  
[ ]BTARRR GHBGHGH ,0,0,0 +⎯→⎯     (3.28-1) 
[ ]22,0,0,0 OHRRR GBHGBGB +⎯→⎯     (3.28-2) 
[ ] [ ][ ]BTAOHRBTARRR HGHHGBHGHG 22,0,0,0 ++⎯→⎯       (3.28-3) 
[ ] [ ][ ]GOHRGRRR HBHHBGHBHB 22,0,0,0,0 ++⎯→⎯       (3.28-4) 
Equation (3.28) shows the expansion of secondary rate constants (3.27) by combining tertiary 
constants. As an example, R0,GHB represents impact of tertiary reaction by the presence of 
BTA to the secondary rate constant R0,GH. It should be noted that R0,HGH and R0,HBH make up 
for additional impacts of hydrogen peroxide to BTA adsorption. These terms are added 
instead of changing kinetic constants for BTA adsorption. Figure 3.13B shows that H2O2 is a 
major component that changes etching rate most significantly, compared with the other two 
components. It implies that oxidation is a key process to control etching rate at low pH.  
The final etching rate model for glycine, H2O2, and BTA is given by  
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where the extended primary etching rate constants GR ,0'  and HR ,0'  are represented by  
[ ] [ ]BTAROHRRR GBGHGG ,022,0,0,0 ''' ++=     (3.30-1) 
[ ] [ ]BTARGRRR HBHGHH ,0,0,0,0 ''' ++=    (3.30-2) 
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and the extended secondary etching rate constants GHR ,0' , GBR ,0' , HGR ,0' , and HBR ,0'  are 
represented by 
 [ ]BTARRR GHBGHGH ,0,0,0' +=     (3.31-1) 
[ ]22,0,0,0' OHRRR GBHGBGB +=     (3.31-2) 
[ ] [ ][ ]BTAOHRBTARRR HGHHGBHGHG 22,0,0,0' ++=      (3.31-3) 
 [ ] [ ][ ]GOHRGRRR HBHHBGHBHB 22,0,0,0,0' ++=    (3.31-4) 
The final etching rate model (3.29) is constructed based on the additive model that is directly 
connected with kinetic mechanisms of chemical reactions of glycine, H2O2, and BTA with 
copper surface. The additive model is insufficient to predict the etching rate of more 
complicated systems and we tried to compensate for the gap. It presents that the prediction of 
copper dissolution rate is a complicated task and not only their fundamental chemistries but 
also the interactions among chemical components must be understood in more detail.  
Ideally, all the combinations of chemical compositions need to be measured to prove 
the etching rate model is accurate, which requires tremendous amount of time to complete. 
We selected a couple of conditions and measured etching rate to see if the etching rate model 
is acceptable. Figure 3.14 shows the design of experiment (DOE) for all experimental 
conditions where ○, △, and ⅹ represent single, bi, and tri component conditions. 
Asterisk (*) represents arbitrarily selected conditions for prediction with the etching rate 
model. When the concentrations of BTA, glycine, and H2O2 are 2ⅹ10-4 mol l-1, 0.1 mol l-1, 
and 0.05 mol l-1, respectively, the measured etching rate is 34.5 nm min-1 and predicted value 
is 35.1 nm min-1. When the concentrations of BTA, glycine, and H2O2 are 1ⅹ10-4 mol l-1, 
0.04 mol l-1, and 0.05 mol l-1, respectively, the measured etching rate is 20.6 nm min-1 and 
predicted value is 20.2 nm min-1. For both conditions, the prediction by etching rate model 
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agrees well with experimental measurements. The prediction by etching rate model in (3.29) 
seems to be acceptable.  
Compared with the Paul model, our model deals with more detailed chemical 
reactions and kinetic mechanisms. The Paul model is based on oversimplified reaction 
mechanisms without understanding fundamental chemistry of each element. They lump 
together kinetic constants to create secondary fitting constants that are hardly connected to 
fundamental chemistries and their reaction mechanisms. The additive model in this study is 
based on elementary reaction mechanisms and combines their kinetic expressions to form a 
coherent etching rate model along with compensations. Our model is flexible to include 
further chemical or even mechanical processes in proper rate expressions. In Cu-CMP, 
design of slurry is a matter of what and how much of chemical agents are put in. Our model 
can provide an improved understanding for the connection between the CMP performance 
and incorporated chemical agents.  
3.5 Conclusions 
The objective of study in this chapter was to develop a coherent kinetic model for 
copper dissolution rate in aqueous solutions. The dissolution rate model was expected to be 
quantitative so that it would be possible to prepare more predictable and more successful 
slurry for Cu-CMP. Due to the complication of copper corrosion process in aqueous solutions, 
it was required to study basic kinetics of copper reactions in aqueous solution as a function of 
pH. Experimental measurement by in-situ QCM showed a good agreement with 
thermodynamic diagram and provided kinetic information about copper etching or 
passivation in pH adjusted aqueous solutions. When a complete picture of kinetic model was 
established, chemical reactions of copper with glycine, hydrogen peroxide, and BTA were 
investigated at pH 2 where metallic copper is predominant at surface.  
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At pH 2, glycine introduction decreased copper etching rate. It was speculated that 
glycine consumed a fraction of oxide ions that corroded metallic copper to copper oxide, 
which was the form of dissolution. On the other hand, hydrogen peroxide increased etching 
rate by accelerating oxidation of metallic copper to cupric oxide. BTA introduction reduced 
etching rate significantly by passivative adsorption on copper surface and the adsorption 
follows Langmuir adsorption isotherm.  
Chemical reactions of glycine, hydrogen peroxide, and BTA were kinetically 
analyzed and clarified. Control of pH at 2 restricted the copper surface to be metallic copper, 
which limited the number of involved reactions and hence made it simple to analyze. 
Additive model of copper dissolution was constructed based on the fundamental kinetics. 
Elementary reaction rates were speculated to contribute to the dissolution rate additively and 
hence kinetic rate constants were directly related with the primary etching rate constants in 
the additive model.  
The additive model was testified to see if the model worked for multi-component 
systems. It was shown that the model agreed with well with glycine-BTA and hydrogen 
peroxide-glycine system. However, a large gap between the measured data and the model 
prediction was observed for BTA-hydrogen peroxide system, which indicated a strong 
secondary interaction between these two chemical agents. BTA lost inhibitive effect in the 
presence of hydrogen peroxide while etching rate dependence on hydrogen peroxide was not 
altered much regardless of the presence of BTA. It is believed that hydrogen peroxide oxidize 
BTA so that BTA loses its inhibitive effect. Secondary interactions of glycine with the other 
two components were relatively small. The gap between the additive model and measured 
data was compensated by incorporating secondary etching rate constants. When the three 
chemical components were put together, hydrogen peroxide was the controlling factor of 
etching rate and the dependence of dissolution rate on glycine and BTA were relatively small. 
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The deviations of measured data with second order model were adjusted with incorporating 
tertiary etching rate constants.  
Nomenclature 
h : thickness of copper 
dtdh : dissolution rate of copper 
dtdf : frequency change rate 
fC : sensitivity constant (=2.26 × 10
8 Hz cm2 g-1) 
Cud : copper density  
Dr ,0 : reaction rate for dissolution of metallic copper 
Br ,0 : reaction rate of BTA adsorption on metallic copper 
Hr ,0 : reaction rate of copper oxidation by H2O2 
Dk0 : kinetic rate constant of dissolution reaction of metallic copper 
Hk0 : reaction rate constant for oxidation reaction by H2O2 
Bfk0 : forward reaction rate constant for BTA adsorption on metallic copper 
Bbk0 : backward reaction rate constant for BTA adsorption on metallic copper 
fGDPk , : forward reaction rate constant for glycine deprotonation (GDP) 
bGDPk , : backward reaction rate constant for glycine deprotonation (GDP) 
pvK : equilibrium constant for passivation of metallic copper 
pθ : relative surface site density of passivated copper 
0θ : relative surface site density of metallic copper 
B0θ : relative surface site density of BTA-covered metallic copper 
0n : surface site density of metallic copper 
Bn0 : surface site density of BTA-covered metallic copper 
Tn : total surface site density (=10
15 atoms cm-2) 
0gn : fraction constant for glycine complexation with oxide ions 
0bn : stoichiometric coefficient for BTA adsorption on metallic copper 
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GR ,0 : primary etching rate constant for glycine 
HR ,0 : primary etching rate constant for glycine 
pHR : copper dissolution rate that depends on pH 
0R : etching rate constant for metallic copper 
GHR ,0 : secondary etching rate constant for glycine with H2O2 
GBR ,0 : secondary etching rate constant for glycine with BTA 
HGR ,0 : secondary etching rate constant for H2O2with glycine 
HBR ,0 : secondary etching rate constant for H2O2with BTA 
GHBR ,0 : tertiary etching rate constant for glycine with H2O2 and BTA 
GBHR ,0 : tertiary etching rate constant for glycine with H2O2 and BTA 
HGBR ,0 : tertiary etching rate constant for H2O2 with glycine and BTA 
HGHR ,0 : tertiary etching rate constant for H2O2 with glycine and BTA 
HBGR ,0 : tertiary etching rate constant for H2O2 with BTA and glycine 
HBHR ,0 : tertiary etching rate constant for H2O2 with glycine and BTA 
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Table 3.1 Rate constants and coefficients for kinetic rate equations of glycine, H2O2, and 
BTA with Cu0.  
 
Reactions Kinetic rate constants Coefficients 
kGDP,f / min-1 1.06 Glycine deprotonation 
(3.13) kGDP,b / min-1 0.75 
ng0 (0.35) 
(Fraction coefficient) 
H2O2 oxidation (3.19) k0,H / l mol-1 min-1 1.80×103  
ka / lnb min-1 mol-nb 1.46×102 
BTA adsorption (3.22) 
kd / min-1 0.083 
nb0 (0.68) 
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Table 3.2 Values of etching rate constants in etching rate model.  
 
RpH2 / 1minnm −  3.55×10-1
R0,G / go0
-1 molminl nm nng −  -4.99×10-1Primary 
R0,H / -11 molminl nm −  2.13×102
R0,GH / 
( ) ( )1-11 00 molminl nm +−+ gg nn  2.77×101
R0,GB / 
( ) ( )1-11 00 molminl nm +−+ gg nn  -5.25×102
R0,HG / -212 molminl nm −  2.92×102
Secondary 
R0,HB / -212 molminl nm −  6.26×106
R0,GHB / 
( ) ( )2-12 00 molminl nm +−+ gg nn 7.14×106
R0,GBH / 
( ) ( )2-12 00 molminl nm +−+ gg nn 7.14×106
R0,HGB / -313 molminl nm −  3.18×107
R0,HGH / -414 molminl nm −  8.40×107
R0,HBG / -313 molminl nm −  3.18×107
Tertiary 
R0,HBH / -414 molminl nm −  8.51×107
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Figure 3.1 Instrumental setup of QCM with flow cell system. Solution flow rate is controlled 
by syringe pump.  
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Figure 3.2 Measurement of etching rate and approximate copper oxide thickness. Real time 
observation of frequency change provides the etching rate by slope (A). Etching rate depends 
on pH where it is high at low pH and reduced significantly at high pH (B). Solid line for 
etching rate in (B) represents the dissolution rate model (3.6). 
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Figure 3.3 Etching rate change at pH 2 according to purging time of oxygen. The first data 
point with O2 purging time of zero represents the etching rate after N2 purging. Etching rate 
does not increase along with O2 purging time increase. 
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Figure 3.4 Cyclic voltammetric (CV) curve of Pt in 1 mol l-1 H2SO4 solution with Hg2SO4 as 
a reference electrode and Pt/Ir as a counter electrode after purging with N2 for 30 min (A) 
and concentration change of O2 in solution according to time after purging with N2 (B). CV 
was run with a scan rate of 5 mV / sec between -0.63 and 0.8 V vs. Hg2SO4.  
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Figure 3.5 Open circuit potential (OCP, EOC) dependence on pH after 4 hours since purging 
with N2 for 30 min or O2 for 10 min. For each pH, purging with N2 or O2 does not change 
OCP. 
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Figure 3.6 Etching rate change according to glycine concentration. Etching rate is decreased 
by glycine complexation with oxide ions by which metallic copper is oxidized and dissolved. 
Solid line represents additive model. 
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Figure 3.7 Etching rate change according to H2O2 concentration. Etching rate increases with 
H2O2 concentration. Etching rate is increased along with increased oxidation rate by H2O2.  
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Figure 3.8 Real time measurement of etching rate in presence of BTA. Initially, high pH 
solution stabilizes surface (1) followed by low pH solution to remove copper oxide (2). BTA 
solution is injected (3) to passivate surface. Passivated surface reaches a stable state without 
indication of multilayer adsorption (4). 
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Figure 3.9 BTA adsorption dynamics (A) and isotherm (B) on metallic copper. Langmuir-
type adsorption model fits both plots.  
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Figure 3.10 Etching rate change according to H2O2 (A) and glycine (B) concentration in 
presence of the other. Dashed lines show additive model and solid lines represent updated 
model with secondary constants. 
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Figure 3.11 Etching rate change according to glycine (A) and BTA (B) concentration in 
presence of the other. Secondary interaction between glycine and BTA is not significant. 
Dashed lines show additive model and solid lines represent updated model with secondary 
constants. 
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Figure 3.12 Etching rate change according to BTA (A) and H2O2 (B) concentration in 
presence of the other. Secondary interaction between glycine and BTA is noticeable 
compared to the other secondary interactions. Inhibition of BTA is not observable in presence 
of H2O2. Dashed lines show additive model and solid lines represent updated model with 
secondary constants. 
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Figure 3.13 Etching rate change according to glycine (A), H2O2 (B), and BTA (C) 
concentration in presence of the other components. H2O2 is the most significant factor for 
controlling chemical etching rate compared with glycine and BTA.  
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Figure 3.14 Design of experiment (DOE) for single, bi and tri component solutions at pH 2. 
(○: single component; △:bi component; ⅹ: tri component; *: predicted component) 
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Chapter 4. Chemical Etching Rate Study of Copper in Contact 
with Glycine, H2O2, and Benzotriazole at High pH  
4.1 Abstract 
The etching rate of copper is studied in aqueous media with benzotriazole (BTA), 
glycine, and H2O2 at high pH where oxidized copper passivates the surface. Real time mass 
change of copper is detected by in-situ quartz crystal microgravimetry (QCM). Chemical 
reactions and their kinetics are analyzed by considering interactions between copper surface 
and the chemicals. Chemical impact on copper etching at high pH is different from that at 
low pH. Glycine is an indispensable component to trigger copper dissolution at high pH 
while it decreases corrosion rate at pH 2. At high pH, glycine combines with the passivated 
layer to form soluble complexes and the dissolution rate is dependent on either complexation 
or oxidation process, whichever goes slower. BTA decreases etching process by inhibitive 
adsorption and H2O2 increases dissolution rate by accelerating copper oxidation as they do at 
pH 2 for metallic copper. An additive etching rate model is constructed for copper etching at 
high pH in a similar way at low pH. Etching rate contribution by each chemical agent is 
additively combined to form the model. Primary etching rate terms for pH and H2O2 are 
zeros since etching does not occur without glycine. Secondary interactions between the 
chemicals at high pH are similar to those at low pH. Glycine has little interaction with the 
other components. On the other hand, BTA inhibition is significantly reduced by the presence 
of H2O2. The additive model is compensated for the deviations caused by interactions among 
chemical agents. The updated etching rate formula explains major chemical contributions 
based on fundamental kinetic mechanisms.  
4.2 Introduction 
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In the previous chapter, we studied fundamental kinetic mechanisms of chemical 
etching reaction of copper at pH 2 with and without chemical agents and constructed a 
coherent etching rate model based on the kinetic study. Outermost surface of copper in 
aqueous solutions is divided into metallic copper or oxidized copper that passivate the 
surface depending on pH. In chapter 3, we segregated metallic copper from the others by 
controlling pH at 2 and studied its chemical reactions with glycine, BTA, and H2O2. Additive 
model was constructed by combining chemical reaction rates and compensated for secondary 
interactions among chemical components.  
In this chapter, the solution pH is changed to where different copper surface is at 
equilibrium. The passivated copper surface at high pH has different chemical composition 
and hence reaction mechanisms with the chemical components are changed from those at pH 
2. It is then required to study the chemical reactions and kinetic mechanisms at high pH in 
order to construct a coherent etching rate formula for this condition. Fundamental kinetic 
study will be carried out for glycine, H2O2, and BTA in a combination of experimental data 
and kinetic modeling at high pH. Additive model will be developed by combining individual 
kinetic expression in the same way for low pH dissolution rate model. Secondary interactions 
among chemical components will be considered and the additive model will be updated for 
compensation. Copper etching rate is measured by in-situ quartz crystal microgravimetry 
(QCM).  
4.3 Experimental 
Materials and Reagents: Chemical agents were used as received. Hydrogen peroxide 
was received from Fisher scientific (Pittsburgh, PA). Benzotriazole (BTA) and glycine were 
received from Alfa Aesar (Ward Hill, MA). 18 MΩ Deionized water (Nanopure, Barnstead, 
Dubuque, IA) was used to prepare all aqueous solutions. pH was adjusted by using sodium 
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hydroxide (Mallinckrodt Bolder inc., Hazelwood, MO) or sulfuric acid (Fisher Scientific). 
Prepared solutions were deaerated by N2 for 30 min before use. 
Sample preparation: Samples were prepared by depositing copper on gold coated 
quartz crystal. Gold coated AT-cut 10 MHz quartz crystal was received from Elchema corp. 
(Potsdam, New York). The quartz crystal disk had 14 mm diameter and 0.166 mm thickness. 
Gold was coated at center on both sides of the quartz crystal with 5 mm diameter and 
connected to steel contact. 99.9 % pure copper wire was received from Goodfellow (Devon, 
PA) and deposited on gold by 100 nm in vacuum evaporator (DV-502A, Denton Vacuum, 
Moorestown, NJ) for QCM measurement.  
Quartz crystal microgravimetry (QCM): Copper etching rate was measured in real 
time by quartz crystal microgravimetry (QCM) with a flow cell system (Figure 3.1). Fast 
response (1-5 ms) and high sensitivity ( < 1 ng) were the main reason to select QCM as a real 
time measurement tool. Steel contact that was linked to gold film on each side of quartz 
crystal was connected to frequency measurement system (EQCN-700, Elchema, Potsdam, 
NY). Prepared solutions were injected through a tube by a syringe pump (Genie Kent, Kent 
Scientific Corp., Torrington, CT) at a constant flow rate (1 ml / hr). The flow rate of solution 
was adjusted to minimize the frequency fluctuation while keeping the solutions to flow 
continuously. Copper deposited side was faced with introducing solutions and the other side 
was exposed to the air. The flow cell system and quartz crystal were placed inside a Faraday 
cage (Elchema, Potsdam, NY) to minimize noise.  
4.4 Results and discussion 
Copper corrosion rate depends on pH and the etching rate equation for pH is 
presented in chapter 3. At moderately high pH, hydroxide ions combine and passivate the 
copper surface. At a pH below 4, outermost metallic copper is oxidized and removed by 
dissolved oxygen and proton in the solutions, respectively. When glycine is added into the 
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solution, it deprives a fraction of oxide ions that oxidize copper and hence reduces the 
dissolution rate. On the other hand, hydrogen peroxide accelerates copper oxidation and as a 
result increases dissolution rate. When BTA is added, copper dissolution rate is significantly 
decreased by inhibitive adsorption that follows Langmuir adsorption isotherm. These 
reactions occur between the chemical components and metallic copper that is the main 
outermost surface at low pH. When pH is elevated, outermost surface is covered by 
passivation layer that has different chemical activity from metallic copper. Therefore, 
chemical reaction mechanisms are changed with also different reaction rates.  
For the investigation of chemical reactions at high pH, 5×10-5 mol l-1 of NaOH 
solution that has pH 9.7 is prepared. When this alkaline solution is introduced to the flow cell 
with QCM (Figure 3.1), the resonant frequency from the quartz crystal is shortly stabilized. 
In order to observe the reactions with chemical agents, 0.01 mmol l-1 BTA, 0.002 mol l-1 
glycine, and 0.1 mol l-1 H2O2 solutions at the same pH are prepared and introduced following 
the empty alkaline solutions. Figure 4.1 shows real time measurement with QCM by 
introducing these three different chemical components to the quartz crystal. Chemical 
injection leads mass change of copper that appears as frequency change. Depending on their 
chemical interactions with copper surface, frequency is increased or decreased. First, H2O2 
injection decreases frequency or increases weight, which indicates further oxidation by H2O2 
in addition to the passivation reaction by hydroxide ions. Copper surface in alkaline solution 
is known to have duplex structure of porous layer on top of compact oxide films[1, 2]. H2O2 
can penetrate through the porous layer and oxidize the bottom layer further by strong 
oxidation capability. Second, BTA introduction does not cause noticeable change on copper 
surface. It could mean either that BTA does not adsorb on copper oxide surface at high pH or 
that weight addition is too small to be observed. To make it clear, BTA adsorption must be 
observed while etching, which will be carried out later in this chapter. Third, glycine 
increases frequency or decreases weight, which indicates that only glycine initiates etching 
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process for the passivation layer in alkaline solutions. Since BTA and H2O2 do not make 
copper dissolve, glycine is a critical component for copper dissolution at high pH. The 
frequency increase with the introduction of glycine is straight, that is, the dissolution rate is 
constant and the slope represents dissolution rate.  
Figure 4.2A shows etching rate change depending on glycine concentration. Aksu and 
Doyle showed that higher concentration of glycine at pH between 9 and 12 accompanied 
higher etching rate[3] but systematic study has not been made. Figure 4.2A is divided into 
two regions. At low concentration region, etching rate is enhanced along with concentration 
increase. On the contrary at high concentration region, etching rate is not increased regardless 
of concentration change. Etching mechanism in the presence of glycine must be elucidated in 
order to explain this phenomenon. Overall dissolution process of copper oxide in the 
presence of glycine can be considered as a combination of aqueous oxidation of metallic 
copper to form passivation layer by hydroxide ions  
( ) −− +⎯⎯←
⎯→⎯+ eOHCuOHCu saqs )()()(   [ ] 10 nkOHnkr pvbpvfpv −= −  (4.1) 
the complexation of glycine with the passivation layer  
( ) −−+− +−⎯⎯←
⎯→⎯+ )()()()( aqsnaqgs OHGCuGnOHCu g    [ ] GGbnGfG nkGnkr g 11 −= −  (4.2) 
followed by fast dissolution of the copper-glycine complexes.  
−+−+ −⎯→⎯− )()( aqnsn gg GCuGCu     Dr     (4.3) 
rpv, rG, and rD is the reaction rate of passivation, glycine complexation, and dissolution 
respectively, kpvf and kpvb are the forward and backward rate constants of passivation, and kGf 
and kGb are the forward and backward rate constants of the glycine complexation respectively. 
n0, n1, and n1G are surface area density for metallic copper, cuprous hydroxide, and glycine 
combined cuprous hydroxide respectively.  
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Low concentration region in Figure 4.2A is controlled by glycine concentration, 
which indicates that glycine complexation (4.2) is rate determining step (RDS) for this region 
and dissolution of the complex species (4.3) is fast. Since the dissolution step is fast, 
complexation and dissolution can be assumed to be one irreversible process, namely, glycine 
dissolution (GD).  
( ) −−+− +−⎯→⎯+ )()()()( aqaqnaqgs OHGCuGnOHCu g   [ ] gnGfGD Gnkr −= 1  (4.4) 
At high concentration region, etching rate is not increasing with concentration enhancement. 
It is because the passivation layer on the surface is removed and oxidation of metallic copper 
(4.1) delimits overall dissolution rate. Hydroxide ion is the only source to passivate metallic 
copper, which makes dissolution rate constant at a pH.  
An additive etching rate model can be constructed for glycine containing solutions 
based on the kinetic model in the same way at pH 2. That is, overall etching rate is additive 
combination of dissolution rate by pH and glycine, where dissolution rate by solution at pH 
9.7 (RpH9.7) is nearly zero without other chemicals.  
[ ]( ) 1,7.9 θgnGoxpH GRRdtdh −+=         (4.5) 
θ1 is relative surface site density of cuprous hydroxide. Rox,G is etching rate constant for 
glycine and RpH9.7 is nearly zero. [G-] is the concentration of anion and the relative amount is 
determined by equation (3.8). Rox,G is proportional to the kinetic constant kGf by 
CuT
cellA
GfGox An
VNkR =,      (4.6) 
where NA is Avogadro’s number, Vcell is the volume of the cell (0.15 ml), nT is the total 
surface site density (1015 atoms cm-2), and ACu is the surface area of copper on quartz crystal. 
Since H2O2 does not contribute to the overall etching rate without glycine, additive model 
can be updated without affecting the overall dissolution rate. Hence the additive model is 
transformed to 
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    (4.7) 
where Rox,H is etching rate constant for dissolution by H2O2 and equal to zero. The relative 
surface site density needs to be calculated by considering the passivation and glycine 
dissolution reactions. The passivation reaction increases θ1 and decreases θ0 while glycine 
dissolution decreases θ1 and increases θ0. At equilibrium, the change of θ0 andθ1 is equal to 
zero.  
( ) 00 =+−= TGDpv nrrdtdθ      (4.8-1) 
( ) 01 =−= TGDpv nrrdtdθ      (4.8-2) 
Using equation (4.8) along with the fact that summation of θ1 and θ0 is unity ( 110 =+θθ ), the 
expressions for θ0 andθ1 can be obtained. Solid line in Figure 4.2A represents calculated 
value by updated etching rate formula (4.7) along with surface density changes (4.8). Trial-
and-error method is carried out to find best values of kinetic and etching rate constants, 
which appear in Table 4.1 and 4.2. Calculation shows how surface densities are changed (Fig
ure 4.2B). At low concentration region, copper oxide initially covers most of the surface and 
glycine dissolution is an RDS. It is overturned as the concentration is increased, where 
metallic copper occupies majority of the surface and its oxidation becomes an RDS for 
overall dissolution.  
Etching rate change by BTA and H2O2 couldn’t be measured alone since dissolution 
does not occur without glycine. Hence, H2O2 and BTA are incorporated into glycine solution 
to observe etching rate change and study kinetics. Figure 4.3A shows etching rate change 
when H2O2 is put together with glycine. Etching rate is observed for glycine with 0.01 mol l-1 
H2O2 (Figure 4.3A) or for H2O2 with 0.006 mol l-1 glycine (Figure 4.3B). Etching rate is 
increased significantly by the addition of H2O2. The increased etching rate of glycine in the 
presence of H2O2 is due to the increased oxidation rate. H2O2 transforms metallic copper to 
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cupric oxide by equation (3.19). Cupric oxide is also available for glycine complexation and 
dissolution in the same way of equation (4.4). Etching rate by H2O2 concentration 
enhancement increases slightly with glycine concentration of 0.006 mol l-1 where glycine 
complexation delimits dissolution rate.  
In order to explain the dissolution rate when glycine and H2O2 are present, the 
additive model (4.7) is used and updated. The update of additive model is carried out by 
calculating relative surface site densities and by including secondary etching rate constants. 
In order to calculate relative surface site densities, oxidized copper surfaces – cuprous 
hydroxide and cupric oxide – are integrated since both are dissolved by glycine complexation 
and dissolution. Hence they are lumped to oxidized copper sites (nox). At high pH, the 
removal of oxidized copper exposes metallic copper underneath. Therefore, relative surface 
site densities of metallic copper (θ0) and copper oxide (θox) need to be calculated based on 
the involved reactions. The passivation by hydroxide ions and oxidation by H2O2 increases 
copper oxide and decreases metallic copper while the dissolution by glycine increases 
metallic copper and decreases copper oxide.  
( ) 0,00 =−+−= THGDpv nrrrdtdθ       (4.9-1) 
( ) 0,0 =+−= THGDpvox nrrrdtdθ        (4.9-2) 
Considering that the summation of θ0 and θox is unity ( 10 =+ oxθθ ), the dependence of 
relative surface site densities on the concentration of glycine and H2O2 is obtained. The 
secondary etching rate constants are incorporated in the same way at low pH.  
[ ] [ ]BTAROHRRR GBoxGHoxGoxGox ,22,,, ++→    (4.10-1) 
[ ] [ ]BTARGlyRRR HBoxHGoxHoxHox ,,,, ++→   (4.10-2) 
Rox,GH, Rox,GB, Rox,HG, and Rox,HB are secondary etching rate constants that account for the 
impact of H2O2 on glycine, BTA on glycine, glycine on H2O2, and BTA on H2O2, respectively 
 85
(BTA terms are included for glycine-BTA system). The secondary etching rate constants 
account for the change of etching rate dependence on a chemical component by the presence 
of another. For instance, effective chemical form of a component can be increased or 
decreased by the presence of another component. More detailed study about the secondary 
interactions will improve the model. The updated equation with surface site densities and 
secondary rate constants matches the measured dissolution rate in Figure 4.3A and B.  
The measurement of etching rate by introduction of BTA along with glycine appears 
in Figure 4.4. BTA is an inhibitor that reduces etching rate of copper. We have seen that even 
slight amounts of BTA have a significant inhibiting impact on metallic copper etching at low 
pH. Figure 4.4 shows that BTA has a profound impact at high pH too. Etching rate is less 
than 5% in Figure 4.4A compared with Figure 4.2A by the incorporation of 1×10-5 mol l-1 
BTA. F i g u r e  4 . 4 B also shows dramatic decrease of etching rate by increasing BTA 
concentration. Etching rate decrease is due to the inhibitive adsorption of BTA onto the 
copper surface. BTA introduction incorporates two additional reactions of inhibitive 
adsorption. Adsorption on metallic copper (3.22) and adsorption on copper oxide (cupric 
oxide is used as a representative of copper oxide that include cuprous hydroxide and cupric 
oxide).  
boxnboxs
BTACuOBTAnCuO −⎯⎯←
⎯→⎯+)(   [ ] oxBoxBbnoxoxBfBox nkBTAnkr box −=,     (4.11) 
k2Bf and k2Bb represent forward and backward reaction rate constants for BTA adsorption on 
copper oxide, respectively. noxB is the surface density of BTA-adsorbed copper oxide and not 
available for complexation and etching.  
The additive model is updated by calculating surface site densities and incorporating 
secondary etching rate constants. Secondary etching rate constants for BTA are included in 
equation (4.10). Relative surface densities are calculated based on the involved chemical 
reactions, including passivation by hydroxide ions (4.1), dissolution by glycine (4.4), and the 
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two inhibitive adsorptions, (3.22) and (4.11). There are also four possible surface sites, 
metallic copper (n0), copper oxide (nox), BTA adsorbed metallic copper (n0B) and copper 
oxide (noxB) and they depend on the four possible reactions. At equilibrium, their changes are 
zeros.  
( ) 0,00 =−+−= TBGDpv nrrrdtdθ        (4.12-1) 
( ) 0, =−−= TBoxGDpvox nrrrdtdθ       (4.12-2) 
0,00 == TBB nrdt
dθ
    (4.12-3) 
0, == TBoxoxB nrdt
dθ
    (4.12-4) 
The summation of the four sites is equal to unity. 
oxBBox θθθθ +++= 001       (4.13) 
Solving equation (4.12) with equation (4.13) provides the change of relative surface site 
densities according to BTA and glycine concentration. In this case, both the additive and the 
updated models explain the dissolution rate dependence on glycine and BTA pretty well, 
which indicates secondary interactions between glycine and BTA are not noticeable.  
When glycine, BTA, and H2O2 are put together, all of the previous reactions are 
involved and etching rate dependence on the chemical elements becomes more complicated. 
Figure 4.5 shows the etching rate dependence on glycine (A), H2O2 (B), and BTA (C) when 
they are put together. Generally, glycine has the biggest impact on etching rate compared 
with the other two components. The etching rate model is updated by calculating relative 
surface site density changes and incorporating tertiary etching rate constants. All the previous 
reactions have to be considered for surface site density calculation, which include passivation 
by hydroxide ions (4.1), glycine dissolution (4.4), H2O2 oxidation (3.19), and BTA adsorption 
((3.22) and (4.11)). Four different surface sites are present, including metallic copper (θ0), 
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copper oxide (θ2), BTA-covered metallic copper (θ0B), and BTA-covered copper oxide (θoxB). 
Summation of these four relative surface site densities is unity as the equation (4.13) and 
each density change depends on the chemical reactions.  
( ) 0,0,00 =−−+−= TBHGDpv nrrrrdtdθ       (4.14-1) 
( ) 0,,0 =−+−= TBoxHGDpvox nrrrrdtdθ       (4.14-2) 
0,00 == TBB nrdt
dθ
       (4.14-3) 
0, == TBoxoxB nrdt
dθ
       (4.14-4) 
Solving three in equations (4.14) with equation (4.13) reveals the dependence of surface site 
densities on chemical components. When three components are put together, secondary 
etching rate constants in equation (4.10) are expanded to account for possible tertiary 
interactions.  
[ ]BTARRR GHBoxGHoxGHox ,,, +→     (4.15-1) 
[ ]22,,, OHRRR GBHoxGBoxGBox +→     (4.15-2) 
[ ] [ ][ ]BTAOHRBTARRR HGHoxHGBoxHGoxHGox 22,,,, ++→   (4.15-3) 
[ ] [ ][ ]GlyOHRGlyRRR HBHoxHBGoxHBoxHBox 22,,,, ++→   (4.15-4) 
Rox,GHB, Rox,GBH, Rox,HGB, Rox,HGH, Rox,HBG, and Rox,HBH are tertiary etching rate constants for 
the impact of BTA on Rox,GH, H2O2 on Rox,GB, BTA on Rox,HG, H2O2 and BTA on Rox,HG, 
glycine on Rox,HB, and H2O2 and glycine on Rox,HB, respectively. Solid and dashed lines in Fig
ure 4.5 A, B, and C show calculation with and without tertiary constants, respectively. The 
updated model with tertiary constants matches the experimental measurement nicely and 
shows large gap with the second order model.  
The final etching rate model for glycine, H2O2, and BTA at pH 9.7 is given by 
 88
[ ] [ ] oxHox
n
pH
pH
GoxpH OHRGRRdt
dh g θ⎟⎟⎠
⎞
⎜⎜⎝
⎛ +
⎭⎬
⎫
⎩⎨
⎧
++= −
−
22,778.9
778.9
,7.9 '101
10'     (4.16) 
where the extended primary etching rate constants GoxR ,'  and HoxR ,'  are given by 
[ ] [ ]BTAROHRRR GBoxGHoxGoxGox ,22,,, ''' ++=    (4.17-1) 
[ ] [ ]BTARGlyRRR HBoxHGoxHoxHox ,,,, ''' ++=   (4.17-2) 
and the extended secondary etching rate constants GHoxR ,' , GBoxR ,' , HGoxR ,' , and HBoxR ,'  are 
represented by 
[ ]BTARRR GHBoxGHoxGHox ,,,' +=     (4.18-1) 
[ ]22,,,' OHRRR GBHoxGBoxGBox +=     (4.18-2) 
[ ] [ ][ ]BTAOHRBTARRR HGHoxHGBoxHGoxHGox 22,,,,' ++=   (4.18-3) 
[ ] [ ][ ]GlyOHRGlyRRR HBHoxHBGoxHBoxHBox 22,,,,' ++=   (4.18-4) 
The final etching rate model (4.16) is constructed based on the additive model and works 
well for multi component. The gap between experimental measurements and additive model 
was compensated by incorporating secondary and tertiary constants. The models can be 
integrated once the dependence of etching rate constants and relative surface site densities on 
pH is revealed, which would require complete measurements on all pH.  
Figure 4.6 shows a semi-quantitative quad plot that shows etching rate change in a 
glance when the three components are put together. Ternary diagram at the bottom represents 
relative contents of three components that appear in Figure 4.5, only after transformed to 
relative contents. The concentration of each component is rescaled from 0 to 1 by dividing 
with maximum concentration of each component (BTA 10-4 mol l-1, H2O2 0.1 mol l-1, and 
glycine 0.1 mol l-1) and its relative content is enumerated against the others. For example, the 
concentrations of glycine, H2O2, and BTA are 0.02 mol l-1, 0.01 mol l-1, and 10-5 mol l-1, their 
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rescaled values are 0.2, 0.1, and 0.1 by dividing with the maximum concentrations. Then, the 
relative contents are 0.5, 0.25, and 0.25. Figure 4.6 shows experimental parameter space and 
measured values. The bigger the bar is, the higher is the etching rate, where the biggest 
change depends on glycine. 
In order to examine if the etching rate model predicts reasonable values for randomly 
chosen conditions, we selected a couple of conditions and measured etching rate. Figure 4.7 
shows the design of experiment (DOE) for all experimental conditions where ○, △, and ⅹ 
represent single, bi, and tri component conditions. Asterisk (*) represents arbitrarily selected 
conditions for prediction with the etching rate model. When the concentrations of BTA, 
glycine, and H2O2 are 1ⅹ10-5 mol l-1, 0.04 mol l-1, and 0.05 mol l-1, respectively, the 
measured etching rate is 12.2 nm min-1 and predicted value is 29.4 nm min-1. When the 
concentrations of BTA, glycine, and H2O2 are 1ⅹ10-4 mol l-1, 0.06 mol l-1, and 0.05 mol l-1, 
respectively, the measured etching rate is 18.8 nm min-1 and predicted value is 21.5 nm min-1. 
The prediction is not as accurate as at pH 2. The increased error is probably due to the 
presence of complex surface sites. At high pH, copper surface consists of more than single 
compositions that add complexity and increase the possibility of errors. Theoretical 
calculation of etching rate requires calculation of surface site density for different copper 
surface and a small error may exaggerate overall etching rate prediction error.  
Quantitative results for copper etching in the presence of glycine and H2O2 and for 
BTA adsorption are compared with literature. Table 4.3 presents etching rate change 
measured by Aksu et al.[4] and Du et al.[5] Aksu et al. measured copper etching rate 
according to H2O2 concentration in presence of 0.01 mol l-1 glycine by weight loss 
experiment at pH 4 and 9. Weight loss experiment is to measure weight difference of samples 
after a specific time in solutions. Table 4.3 is shown in Figure 4.8. The range of H2O2 
concentration measured by Aksu et al. is from 0 to 5 wt % that corresponds to 1.47 mol l-1. 
They observed the etching rate increased up to 0.2 wt % that corresponds to 0.06 mol l-1 but 
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do not further study this region to obtain kinetic information. Overall, etching rate measured 
by Aksu et al. is bigger. One of the reasons is that they put higher concentration of glycine 
along with H2O2. Above pH 4, the role of glycine is critical without which copper surface is 
mainly passivated. The etching rate changes at pH 4 and pH 4 show a similar trend where pH 
4 presents slightly higher etching rate. According to our observation, about 84 % of copper 
surface is passivated at pH 4 and hence it seems natural to show similar trend in etching rate 
change at pH 4 with that at pH 9. Du et al. observed etching rate change in the absence of 
glycine at pH 4 and obtained similar trend with what Aksu et al. observed. Etching rate 
showed the highest at 1 vol % of H2O2 (0.315 mol l-1) concentration followed by significant 
decrease with further concentration increase. Aksu et al. and Du et al. observed increased 
etching rate at low concentration of H2O2 but did not study that region for kinetic information. 
Our etching rate measurement corresponds to the low concentration region below 0.1 mol l-1 
H2O2 and provides kinetic information about chemical reactions not only for H2O2 oxidation 
but also for glycine complexation.  
Quantitative information about BTA adsorption on copper is observed by Bastidas[6] 
and Lewis[7]. They carried out weight loss experiment and calculated BTA coverage by the 
ratio of etching rate with and without BTA (Table 4.4). Figure 4.9 shows the comparison of 
BTA coverage (θ) as a function of BTA concentration from table 4.4. Bastidas adjusted 
solution pH using HCl and observed that BTA coverage is higher at higher pH at the same 
BTA concentration. Both Bastidas and Lewis assumed BTA adsorption as a monolayer 
formation and explained using Frumkin isothersm. Frumkin isotherm is an extension of 
Langmuir model to account for the interaction between adsorbed molecules. They fit the 
experimental data by least square method and obtain kinetic and thermodynamic information. 
Table 4.5 presents binding constant (k) and adsorption energy (ΔG°ads) at 298 K obtained by 
Bastidas and Lewis. They show similar adsorption energy around -21 kJ mol-1 but binding 
constant is somewhat different. The binding constant we measured for BTA adsorption on 
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metallic copper is 1759, which is between the values obtained by Bastidas and Lewis. They 
obtained the isotherm in BTA concentration from 1ⅹ10-5 mol l-1 to 0.1 mol l-1. However, 
considering the solubility of BTA in aqueous solution is less than 5ⅹ10-3 mol l-1, it does not 
make sense to draw isotherm beyond the solubility limit. 
4.5 Conclusions 
In this chapter, chemical reactions of glycine, benzotriazole (BTA), and hydrogen 
peroxide with copper at pH 9.7 were studied and a coherent etching rate model was 
constructed in the same principle with that at pH 2. The chemical property of copper surface 
in aqueous solutions depended on pH. At high pH, hydroxide ions from the solution 
passivated the surface to have different chemical property from the metallic copper at low pH. 
The passivated copper surface started to dissolve by the addition of glycine into solution. 
Glycine was combined with copper oxide to form soluble species. On the other hand, BTA 
and H2O2 did not initiate etching and hence glycine was an indispensable chemical to start 
chemical etching at high pH. However, impact of BTA inhibition and H2O2 oxidation were 
also apparent they were put together with glycine. Etching rate was significantly reduced or 
increased by inhibition or faster oxidation, respectively. Impacts of secondary interactions 
between components were similar to those at low pH. BTA inhibition was significantly 
diminished by the presence of H2O2 as it was at low pH.  
Additive etching rate formula was built based on elemental chemical reaction 
mechanisms and tested for multi component systems. The gap between measured data for 
multi component systems and the additive model was compensated by incorporating 
secondary and tertiary etching constants. The final model was constructed in the same way 
with that at pH 2. Once the dependence of etching rate constants on pH is clarified, the two 
models could be integrated. This study has significance in that overall etching rate model is 
obtained based on fundamental reaction mechanisms of major chemical components for 
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copper etching. The model additively combines kinetic expression of each chemical reaction. 
Therefore further inclusion of chemical and even mechanical components can be 
incorporated without significant modification of the model once the reaction mechanisms are 
elucidated.  
Nomenclature 
dtdh : dissolution rate 
AN : Avogadro’s number 
cellV : volume of the flow cell 
CuA : surface area of piezoelectrically active copper surface 
pvr : reaction rate of passivation 
Gr : reaction rate of glycine complexation 
Dr : reaction rate of dissolution for glycine complexed with passivated copper surface 
GDr : reaction rate of dissolution by glycine complexation 
Br ,0 : reaction rate of BTA adsorption on metallic copper 
Hr ,0 : reaction rate of copper oxidation by H2O2 
Boxr , : reaction rate of BTA adsorption on oxidized copper 
pvfk : kinetic rate constant for forward reaction of passivation 
pvbk : kinetic rate constant for backward reaction of passivation 
Gfk : kinetic rate constant for forward reaction of glycine complexation with passivated 
copper surface 
Gbk : kinetic rate constant for backward reaction of glycine complexation with passivated 
copper surface 
oxBfk : kinetic rate constant for forward reaction of BTA adsorption on oxidized copper 
oxBbk : kinetic rate constant for backward reaction of BTA adsorption on oxidized copper 
0n : surface site density of metallic copper 
1n : surface site density of passivated copper 
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Gn1 : surface site density of glycine complexed passivated copper  
Tn : total surface site density (=10
15 atoms cm-2) 
oxn : surface site density of oxidized copper 
oxBn : surface site density of BTA-covered oxidized copper 
gn : stoichiometric constant for dissolution by glycine complexation  
boxn : stoichiometric constant for BTA adsorption on oxidized copper 
1θ : relative surface site density of cuprous hydroxide 
oxθ : relative surface site density of oxidized copper 
0θ : relative surface site density of metallic copper 
B0θ : relative surface site density of BTA-covered metallic copper 
oxBθ : relative surface site density of BTA-covered oxidized copper 
7.9pHR : dissolution rate of copper at pH 9.7 
GoxR , : etching rate constant for glycine 
HoxR , : etching rate constant for H2O2 
GHoxR , : secondary etching rate constant for glycine with H2O2 
GBoxR , : secondary etching rate constant for glycine with BTA 
HGoxR , : secondary etching rate constant for H2O2with glycine 
HBoxR , : secondary etching rate constant for H2O2with BTA 
GHBoxR , : tertiary etching rate constant for glycine with H2O2 and BTA 
GBHoxR , : tertiary etching rate constant for glycine with H2O2 and BTA 
HGBoxR , : tertiary etching rate constant for H2O2 with glycine and BTA 
HGHoxR , : tertiary etching rate constant for H2O2 with glycine and BTA 
HBGoxR , : tertiary etching rate constant for H2O2 with BTA and glycine 
HBHoxR , : tertiary etching rate constant for H2O2 with glycine and BTA 
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Table 4.1 Kinetic rate constants, coefficients, and the change of surface sites according 
to the involved reactions.  
 
Reactions Kinetic rate constants Coefficients 
Surface site 
changes 
kpvf / l mol-1 min-1 0.0192 θ0 → θox Passivation by 
hydroxide ions (4.1) kpvb / min-1 3.7×10-13 
 θox → θ0 
k2Gf / cm2 lng-1 min-1 
atoms-1 molng-1 
1.0×1010 Glycine dissolution 
(4.4) 
k2Gb / min-1 - 
ng (6.71) θox → θ0 
H2O2 oxidation (3.19) k0H / l mol-1 min-1 1.80×103  θ0 → θox 
koxBf 22 molmin l/ 1 bb nn −− 1.07×106 θox → θoxB
BTA Inhibition (4.11) 
koxBb / min-1 3.82×10-7 
nb2 (1.33) θoxB → θox
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Table 4.2 Primary, secondary, and tertiary etching rate constants for etching rate 
formula. 
 
RpH9.7 / 1minnm −  0
Rox,G / g
-1 molminl nm nng −  4.60×1015Primary 
Rox,H / -11 molminl nm −  0
Rox,GH / 
( ) ( )1-11 molminl nm +−+ gg nn  1
Rox,GB / 
( ) ( )1-11 molminl nm +−+ gg nn  0
Rox,HG / -212 molminl nm −  1.96×104
Secondary 
Rox,HB / -212 molminl nm −  -5.20×1012
Rox,GHB / 
( ) ( )2-12 molminl nm +−+ gg nn  1
Rox,GBH / 
( ) ( )2-12 molminl nm +−+ gg nn  5.00×1010
Rox,HGB / -313 molminl nm −  4.93×1014
Rox,HGH / -414 molminl nm −  1
Rox,HBG / -313 molminl nm −  4.93×1014
Tertiary 
Rox,HBH / -414 molminl nm −  1.32×1015
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Table 4.3 Etching rate (dh/dt) measured at pH 2 and 10 with or without glycine and 
comparison with Aksu et al.[4] and Du et al.[5] 
 
Choi Aksu et al. Du et al. 
pH 2 pH 10 pH 4 pH 9 pH4 
[Gly] 
0 mol l-1 
[Gly] 
0.006 mol l-1 
[Gly] 
0.01 mol l-1 
[Gly] 
0.01 mol l-1 
[Gly] 
0 mol l-1 
[H2O2] 
/ mol 
l-1 
dh/dt 
/ nm 
min-1 
[H2O2] 
/ mol  
l-1 
dh/dt 
/ nm 
min-1 
[H2O2]
/ mol 
l-1 
dh/dt
/ nm 
min-1
[H2O2]
/ mol 
l-1 
dh/dt 
/ nm 
min-1 
[H2O2]
/ mol 
l-1 
dh/dt
/ nm 
min-1
0.000 0.355 0.000 0.422 0 0 0 0 0.000 0
0.001 0.598 0.000 0.510 0.03 57 0.04 44 0.315 9
0.003 1.221 0.001 0.625 0.06 70 0.07 40 0.944 4
0.005 2.171 0.001 0.844 0.12 51 0.1 34 1.573 3
0.007 2.511 0.003 1.080 0.18 41 0.19 23 2.202 2
0.01 2.614 0.005 1.039 0.24 26 0.22 15 3.146 2
0.02 5.651 0.007 1.122 0.37 13 0.29 10 
0.03 5.856 0.01 1.012 0.74 7 0.37 8 
0.04 8.649  1.1 4 0.74 4 
0.05 11.125  1.47 2 1.1 3 
   1.47 2 
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Table 4.4 Coverage of BTA on copper surface at pH 2 and 10 without or with glycine, 
respectively and comparison with Bastidas[6] and Lewis[7]. 
 
Choi Bastidas Lewis 
pH 2 pH 10 
[HCl] / 
mol l-1 
0.001 0.01 NH4Cl 0.2 mol l-1
  [Gly] 0.006 mol l-1      
[BTA] 
/ mol l-1 
θ [BTA] 
/ mol l-1 
θ [BTA] 
/ mol l-1 
θ θ [BTA] 
/ mol l-1
θ 
0.00000 0.000 0.000000 0.000 0.00001 0.01 0.01 0
0.00001 0.480 0.000001 0.110 0.00005 0.03 0.02 0.001 0.608
0.00003 0.590 0.000003 0.213 0.0001 0.06 0.03 0.002 0.65
0.00005 0.646 0.000005 0.739 0.0005 0.72 0.15 0.003 0.825
0.00007 0.690 0.000007 0.977 0.001 0.91 0.35 0.004 0.946
0.0001 0.837 0.00001 0.981 0.002 0.97 0.78 0.005 0.963
0.0002 0.868 0.00003 0.990 0.003 0.98 0.86 0.006 0.975
0.0003 0.922 0.00005 0.995 0.004 0.985 0.89 0.007 0.984
  0.00007 0.994 0.005 0.985 0.93 0.01 0.998
  0.0001 0.995 0.01 0.99 0.96 0.02 0.998
   0.05 0.99 0.98 0.03 0.998
   0.1 0.99 0.99 
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Table 4.5 Binding constant and adsorption energy at 298 K obtained by Bastidas[6] and 
Lewis[7]. 
 
 [HCl] / mol l-1 k  ΔG°ads / kJ mol-1 
0.001 422 -25
0.005 122 -22
0.01 272 -24
0.05 501 -25
0.1 60 -20
Bastidas 
0.5 201 -23
Lewis 6188 -21.63
Choi 1759
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Figure 4.1 Measurement of QCM frequency change for copper in contact with slurry 
chemicals at high pH. High pH solution passivates copper surface and the injection of slurry 
chemicals make changes. While BTA injection does not make a big change, H2O2 adds more 
weight by further oxidation and glycine starts to dissolve the surface by combining with 
copper oxide to form a soluble complex. Glycine is therefore a critical factor for chemical 
dissolution at high pH.  
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Figure 4.2 Etching rate dependence on glycine concentration at high pH (A) and 
corresponding relative surface site density changes (B). Etching rate is increased along with 
glycine concentration at low concentration region while it is constant at high concentration 
region. This indicates that glycine combination with copper oxide and oxidation of metallic 
copper are rate determining steps (RDS) at low and high concentration region, respectively. 
Relative surface site densities calculation demonstrates the RDS by showing that major 
surface is copper oxide at low concentration region that is overturned by metallic copper at 
high concentration.  
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Figure 4.3 Etching rate dependence on glycine (A) and H2O2 (B) in presence of the other. In 
presence of H2O2, etching rate according to glycine concentration is greatly enhanced due to 
increased oxidation rate by H2O2. Dashed lines show additive model and solid lines represent 
updated model with secondary constants. 
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Figure 4.4 Etching rate dependence on glycine (A) and BTA (B) in presence of the other. 
Etching rate is much reduced by adding BTA due to its inhibitive adsorption on copper oxide. 
Dashed lines show additive model and solid lines represent updated model with secondary 
constants, which appear with no change for glycine-BTA systems. 
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Figure 4.5 Etching rate dependence on glycine (A), H2O2 (B), and BTA (C) in presence of 
the other two components. Glycine has the greatest impact on etching rate compared with the 
other two. In presence of H2O2, BTA inhibition effect is much reduced.  
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Figure 4.6 Semi-quantitative quad plot that shows etching rate dependence on glycine, H2O2, 
or BTA in presence of the others. Impact of glycine is relatively greater than the others, 
which means that control of glycine concentration is the most important factor for controlling 
chemical etching at high pH. The axis represents the relative concentration one component 
against the others, considering maximum concentration of experiment.  
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Figure 4.7 Design of experiment (DOE) for single, bi and tri component solutions at pH 10. 
(○: single component; △:bi component; ⅹ: tri component; *: predicted component) 
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Figure 4.8 Etching rate comparison with literature measured by Aksu et al.[4] and Du et 
al.[5]  
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Figure 4.9 Comparison of BTA coverage, θ, with literature obtained by Bastidas[6] and 
Lews[7]. 
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Chapter 5. Development of High Throughput Surface Plasmon 
Resonance (SPR) Imaging System 
5.1 Abstract 
In this chapter, we developed a surface sensitive high throughput characterization 
technique using surface plasmon resonance (SPR) imaging and applied this technique to 
study film formation on metal films. We constructed a multi channel SPR imaging 
(MCSPRI) with a flow cell system to investigate benzotriazole (BTA) film formation on 
copper surface in aqueous solutions. BTA adsorption was investigated with MCSPRI system 
but the analysis of measured data presented limitations due to major impact of surface 
roughness on the observed SPR angle change. However, the concept of high throughput 
screening with SPR imaging system motivated us to develop multi-electrode SPR imaging 
(MESPRI) system that was combined with electrochemistry. The combination of SPR and 
electrochemical techniques was simple but effective and provided significant advantages for 
simultaneous control and observation of metal-liquid interfaces.   
5.2 Introduction 
In the previous chapters, we studied copper chemical reactions in aqueous solutions 
for copper chemical mechanical polishing (Cu-CMP). The complicated chemical reactions 
required a number of measurements that were essentially a repetition of same experiments 
with different chemical composition of solutions. Hence, it is useful to systematically study 
the chemical reactions of copper much faster by utilizing a high throughput detection 
technique.  
Surface plasmon resonance (SPR) is a well-established surface sensitive technique 
that can observe interfacial phenomena at solid-liquid interfaces. The principle is well 
understood and its application is wide spread, especially in biosensing area[1-7]. SPR 
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technique can be utilized in a variety of platforms, i.e. spectroscopy or fixed / spread angle 
imaging in Kretschmann, Otto, grating coupler, or wave guide configuration[4], which makes 
SPR instrumentation flexible and applicable in many areas. Using this flexibility, 
experimental platform of SPR can be extended to have the capability of high throughput 
screening.  
Expanding the capability of SPR technique to have high throughput screening 
requires adaptation of traditional experimental platforms. For SPR technique, fixed angle 
SPR imaging (SPRI) with array structure of metal film is typically used for high throughput 
screening[8-22]. For simultaneous observation of interfacial reactions, a camera monitors 
collimated light reflected from the prism surface on which the metal array is coated. However, 
fixed angle SPR imaging observes intensity change at an angle position rather than migrant 
SPR angle according to interfacial reactions, which may cause unprecedented errors. In 
addition, array structure is not an efficient design for experiments that involve various 
solutions with different compositions simultaneously. Hence a different approach is required 
to make SPR imaging high throughput screening. In this study, we modify SPR imaging 
system by introducing wedge-shaped light instead of collimated one so that detecting camera 
can monitor the reflected light in a range of angle and detect SPR angle in-situ real time. A 
flow cell is fabricated to introduce a number of solutions that have different chemical 
compositions.  
The concept of high throughput system also gives us a motivation to develop another 
SPR imaging system in combination with electrochemical technique. Advantages of coupling 
SPR with electrochemistry have been realized for simultaneous control and observation of 
solid-liquid interfaces[23-25]. Incorporation of SPR with electrochemistry is simple since 
metal films that are used for generating evanescent wave can be directly used as electrodes. 
Various electrochemical techniques have been coupled with SPR, which includes scanning 
electrochemical microscopy (SECM)[18, 26], electrochemical quartz crystal microgravimetry 
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(EQCM)[27-29], and impedance[30, 31]. We adopt multi-electrode design of metal films for 
simultaneous control and observation of interfacial changes. Design of multi-electrode is 
relatively simple and each electrode is easily connected to potentiostat as a working electrode 
without short circuit.  
This chapter presents physical principle and an experimental platform of SPR. 
Fresnel’s relationship that describes the connection of SPR angle changes with physical 
quantity is derived. In results and discussions, experimental procedure to construct SPR 
imaging systems using multi-channel flow cell and multi-electrode cell design are presented. 
The advantages and limitations of SPR imaging systems are discussed.  
5.3 Surface plasmon resonance (SPR)  
5.3.1 Fundamental physics of SPR and experimental system 
Surface plasmon resonance (SPR) utilizes the resonance coupling of two waves in 
order to characterize the optical change on a metal surface. The resonance coupling occurs 
when an incident light is introduced onto a metal surface and excites the surface plasmon. It 
is necessary to understand the description of the surface plasmon waves (SPW) in order to 
understand its resonance coupling with the incident optical wave in advance.  
Collective fluctuations of electrons on a metal boundary are called surface plasma 
oscillations[32]. These charge fluctuations are accompanied by a mixed transversal and 
longitudinal electromagnetic field which disappears at ∞→z  (Figure 5.1), and has its 
maximum at the surface, 0=z . This polarization wave is described by a complex wave 
function  
( ) ( )tzkxkitrki zxeAeAA ωω −±−⋅ == 00     (5.1) 
with + for 0>z  and – for 0<z , where A  stands for either electric field E  or magnetic 
field H , 0A  is a constant vector associated with the maximum amplitude of oscillation, k  
is a wave vector ( kkjkikk zyx ˆˆˆ ++= , iˆ , jˆ , and kˆ  are unit vectors for x, y, and z direction), 
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r  is a position vector ( kzjyixr ˆˆˆ ++= ), ω  is an angular frequency, and t is time. This 
surface plasmon wave (SPW) is TM (transversal magnetic)-polarized wave, whose magnetic 
field is perpendicular to the direction of propagation of the SPW and parallel to the plane of 
interface (y-axis). Hence the wave vector that is perpendicular to the magnetic field does not 
have y-component (Figure 5.1).  
We consider a film of thickness, d, and a frequency-dependent dielectric function 
εm(ω) covered on both sides by different media with dielectric constants εp and εd (Figure 5.2). 
Starting from the Maxwell’s equations[33], which appears next section in this chapter, we 
can obtain the dispersion relation that connects the angular frequency, ω , with the wave 
vector, spk , for the surface plasmon wave 
im
im
sp c
k εε
εεω
+=     (5.2) 
where c stands for the light speed in vacuum and iε  can be either dε  or pε .  
If an incident light is introduced from a dielectric medium of pε ( > 1) and totally 
reflected at the metal film surface, an evanescent wave is created and penetrates into the film 
and the projection of its wave vector on the surface becomes 
0sinθεω px ck =     (5.3) 
where, θ0 is the angle of the incident light against the surface normal.  
The resonance condition of two electromagnetic waves is satisfied when their 
momentums match each other and the momentum is given by the wave vectors multiplied by 
the reduced Planck’s constant: 
khkP π2== h           (5.4) 
where h is the reduced Planck’s constant and h is the Planck’s constant 
( sec10626.6 34 ⋅×= − J ). Therefore, we can achieve the resonance condition by equalizing the 
wave vector of SPW and that of evanescent wave. However, the surface plasmon at the 
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interface between the metal and the dielectric medium with pε  – the upper interface in 
Figure 5.2– cannot be excited since its momentum (line 4 in Figure 5.3) is always larger than 
that of evanescent wave (line 2 in Figure 5.3). As a result, the resonance coupling occurs at 
the interface between the metal and the dielectric medium with dε  – the lower interface in 
Figure 5.2 – and their resonance condition becomes 
0sinθεωεε
εεω
p
dm
dm
cc
=+ ,     (5.5) 
which is the intersection of line 2 and 3 in Figure 5.3. Direct illumination of the incident light 
onto an infinite metal cannot excite surface plasmon because the momentum of incident light 
(line 1 in Figure 5.3) is always smaller than that of surface plasmon at the interface (line 3 in 
Figure 5.3). Please note that only x-component of the wave vectors exists at the interface. As 
a result, surface plasmon resonance (SPR) occurs at the interface between the metal and the 
dielectric medium with dε  by illuminating an incident light to the thin metal film through a 
high refractive index medium with pε .  
Experimentally, SPR can be achieved in various configurations, including 
Kretschmann configuration[34, 35], Otto configuration[36], grating coupler[3], or optical 
waveguide[3]. In Kretschmann configuration (Figure 5.4), which is one of the most 
frequently used configurations, a prism with high refractive index is used to enhance the 
momentum of incident optical wave and the optical wave is totally reflected at the interface 
between the prism and the metal layer. In fact, Kretschmann configuration has the exactly 
same structure in Figure 5.2. When the resonance condition is met, part of the incoming light 
energy is transferred to the metal phase and it appears as a loss of reflected light intensity. 
The reflected light intensity or reflectivity is measured as a function of the incident light 
angle and as the optical property of the interface is changed, the position of SPR angle where 
the reflectivity becomes minimal in angular space shifts accordingly. The reflectivity curve 
as a function of the incident angle or SPR curve can be calculated. By fitting the 
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experimentally obtained SPR curve with the calculation, we can investigate the change that 
occurs at the interface, i.e., film deposition on the metal layer. This theoretical calculation is 
called Fresnel’s calculation[37] and it can describe the light behavior when the light faces an 
interface with a different dielectric medium.  
5.3.2 Fresnel calculation 
The change of SPR angles by interfacial phenomena is connected with physical 
quantity by Fresnel’s relationship. This section presents the derivation of Fresnel’s 
relationship. When an incident light faces an interface with a medium of a different refractive 
index, it is reflected or refracted (transmitted) and the Fresnel equation describes its behavior. 
The derivation of Fresnel equation is based on Maxwell’s equations for non-magnetic 
materials. In this section, we will derive the Fresnel equation for 2-phase system and expand 
it to more complicated multi-phase system.  
The Maxwell’s equations for non-magnetic material are given by[33] 
0=⋅∇ E          (5.6) 
0=⋅∇ B          (5.7) 
t
BE ∂
∂−=×∇      (5.8) 
t
EB ∂
∂=×∇ µε      (5.9) 
where, E  is the electric field, B  is the magnetic induction ( )HB µ= , and µ and ε are the 
permeability and the dielectric constant of material through which the light passes, 
respectively. The electric field E  and the magnetic induction B  are described by  
)(
0),( trkieEtrE ω−⋅=     (5.10) 
)(
0),( trkieBtrB ω−⋅=     (5.11) 
where, 0E  and 0B  are the constant vectors associated with the maximum amplitude of 
oscillations. These two wave vectors are related by 
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Es
c
nEkB ×=×= ω      (5.12) 
where s  is the unit vector in the direction of propagation, as can be derived from the 
Maxwell equations (5.6), (5.7), (5.8), and (5.9).  
The basis for the electromagnetic approach is to establish the boundary conditions 
that impose restrictions on the relationships between fields on either side of the interface. The 
boundary condition for the electromagnetic wave at the interface is that there is no 
discontinuity of the tangential components of the electric field and the magnetic induction at 
the interface. In equation form, the boundary conditions become for the amplitudes of the 
fields 
ytyryi EEE ,,, =+      (5.13) 
xtxrxi BBB ,,, =+       (5.14) 
ytyryi BBB ,,, =+       (5.15) 
xtxrxi EEE ,,, =+       (5.16) 
where i, r, and t stand for the incident, the reflected, and the transmitted light, respectively. 
The coordinate system is defined in Figure 5.5.  
Equations (5.13) and (5.14) are the boundary conditions for the s-polarized light, 
where the electric field E  is perpendicular to the plane defined by the direction of 
propagation and surface normal (Figure 5.5 A). Therefore, iE , rE , and tE  have only y 
components and we can write styt
s
ryr
s
iyi EEEEEE === ,,, ,, so that the equation (5.13) can 
be rewritten as 
s
t
s
r
s
i EEE =+          (5.17) 
Using the equation (5.12), the equation (5.14) becomes 
( ) ( ) ( )xttxrrxii EkEkEk ×=×+×       
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or 
s
tzt
s
rzr
s
izi EkEkEk ,,, =+        (5.18) 
since ik , rk , and tk  have only x and z components and the angular frequency ω  does not 
change. Equation (5.18) can be further simplified by the fact zizr kk ,, −=  since 
izi c
nk θω cos0, =  and irzr cncnk θ
ωθω coscos 00, −=−=     
so that it becomes 
s
t
i
ts
t
zi
zts
r
s
i En
nE
k
k
EE θ
θ
cos
cos
0
1
,
, ==−        (5.19) 
By combining the equations (5.17) and (5.19), we can obtain the transmission coefficient  
ti
i
s
i
s
t
S nn
n
E
Et θθ
θ
coscos
cos2
10
0
+==       (5.20) 
and the reflection coefficient 
ti
ti
s
i
s
r
s nn
nn
E
Er θθ
θθ
coscos
coscos
10
10
+
−==       (5.21) 
for the s-polarized light.  
Equations (5.15) and (5.16) are the boundary conditions for the p-polarized light, 
where the electric field E  is parallel to the plane defined by the direction of propagation and 
surface normal (Figure 5.5 B). In this case B  has only y component and we can write  
p
tyt
p
ryr
p
iyi BBBBBB === ,,, ,,      
From the equation (5.12), these scalar quantities become  
p
i
p
i Ec
nB 0= , prpr Ec
nB 0= , ptpt Ec
nB 1=     (5.22) 
Therefore the equation (5.15) becomes 
p
t
p
r
p
i En
nEE
0
1=+     (5.23) 
From the geometry, we can see that the equation (5.16) becomes 
( ) pttprpii EEE θθ coscos =−      
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or  
p
t
i
tp
r
p
i EEE θ
θ
cos
cos=−         (5.24) 
From the equations (5.23) and (5.24), we can find the transmission coefficient 
ti
i
p
i
p
t
p nn
n
E
Et θθ
θ
coscos
cos2
01
0
+==     (5.25) 
and the reflection coefficient 
ti
ti
p
i
p
r
p nn
nn
E
Er θθ
θθ
coscos
coscos
01
01
+
−==     (5.26) 
for the p-polarized light. 
The equations (5.20), (5.21), (5.25), and (5.26) are the relations for the Fresnel 
coefficients. When the refractive index has imaginary part iknN += , the more general 
Fresnel coefficients are given by 
ti
i
S NN
Nt θθ
θ
coscos
cos2
10
0
+=       (5.27) 
ti
ti
s NN
NNr θθ
θθ
coscos
coscos
10
10
+
−=        (5.28) 
ti
i
p NN
Nt θθ
θ
coscos
cos2
01
0
+=       (5.29) 
ti
ti
p NN
NNr θθ
θθ
coscos
coscos
01
01
+
−=       (5.30) 
If the direction of propagation is reversed, that is, light comes from a medium 1 to hit 
the interface, then the Fresnel coefficients can readily be shown to be 
0110 rr −=       (5.31) 
01
2
0110 /)1( trt −=         (5.32) 
as can be proved by interchanging 0N  and 1N  in equations (5.27), (5.28), (5.29), and (5.30). 
Equations (5.31) and (5.32) can be applied to both p- and s- waves.  
The situation becomes more complex when a film is present due to the presence of an 
additional interface. In addition, the Fresnel coefficients can be obtained for multi-phase 
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system that has more than 1 film. Hansen[37] derived the equations for multi phase system. 
The 4-phase system is a typical situation where it forms an additional film on the metal layer 
with two different dielectric media on both sides of the films. The calculation program is 
given in appendix. This 4-phase Fresnel calculation can predict the relative reflectivity as a 
function of incident angle or the SPR curve as the system is optically changed.  
In combination with the Fresnel calculation, SPR measurement can measure optical 
changes such as additional film formation on metal or refractive index change of the film. 
The major application of SPR is to measure additional film formation on the metal film for 
thickness measurement. For the Fresnel calculation, we are required to have information 
about the light wavelength, incident angle, refractive index for prism, metal film, additional 
layer, and dielectric medium such as solution, and thickness of the metal film and the 
additional layer. We can vary the additional layer thickness and obtain the SPR angle change 
according to the thickness variation from the Fresnel’s calculation (Figure 5.6). Using the 
Kretschmann configuration, we can experimentally obtain SPR curve and acquire SPR angle 
change by scanning a light beam with a given angle range or by introducing a light having a 
range of angle. Comparison of measured SPR angle change with the Fresnel’s calculation 
yields the thickness information.  
The advantages of SPR include that it is non-invasive, label-free, in-situ, highly 
sensitive, and fast measurement. In the SPR experimental system, the resonance coupling and 
the additional film formation occurs on the opposite side of the metal film surface from 
where the incident light is introduced through a prism. Therefore the additional film avoids 
direct contact with the prism, which makes SPR non-invasive. SPR measurement is not 
required to label the additional film or molecules for characterization since it utilizes 
resonance coupling of surface plasmon for detection. SPR is in-situ measurement since it 
does not require taking a sample off from the experimental setup. In most cases, the 
additional film layer is formed and observed at the same time without the need to take the 
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sample off for measurement. SPR is a sensitive technique that can measure thickness change 
in angstrom range. This sensitivity comes from the short penetration depth of the surface 
plasmon wave (SPW), where the penetration depth is the distance from the interface where 
the intensity falls to 1/e of the original value at the interface. The penetration depth of the 
SPW into the metal phase is tens of nanometers and that into the dielectric medium is a few 
hundreds of nanometers. A few examples are shown in Table 1. This short penetration depth 
makes the SPR sensitive enough to measure angstrom level of thickness change depending 
on the sensing devices, i.e., charge coupled device (CCD) camera or photo detector that 
detect reflectivity and determine resolution. For instance, if a CCD camera can take a picture 
with 760 × 480 resolution and acquire the reflectivity in 8 ° range, then the resolution of 
observed reflectivity curve is 0.01 ° ( ≈ 8 ° / 760). This is corresponding to the resolution 
power of 0.7 Å thickness change of organic film with refractive index of 1.5 in SPR system 
that has 50 nm gold film (layer 2) on BK7 prism (layer 1) and water (layer 4) under the light 
wavelength of 730 nm. At the same time, the short penetration depth into the dielectric 
medium limits the maximum thickness of additional film that can be measured. Figure 5.7 
shows how the SPR curve shape changes along with the thickness increase of organic film on 
metal surface. In SPR system with 50 nm gold film (layer 2) on BK7 prism (layer 1), water 
(layer 4), and 632 nm wavelength incident light, organic film with thickness up to 50 nm can 
be measured. Above the thickness, the SPR curve loses its SPR angle that can be detected. 
SPR measurement can be made fast enough for real time measurement with appropriate 
experimental setup and kinetic information can be readily obtained.  
5.4 Experimental 
Materials and reagents: Chemical agents were used as received. Cyclohexane, 
toluene, trichloro ethylene, acetone, and isopropyl alcohol were received from Fisher 
Scientific (Pittsburgh, PA). 3-mercaptopropyl methoxysilane was received from Aldrich (St. 
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Louis, MO). 99.99 % Gold was received from Ernest F. Fullam, Inc. (Clifton Park, NY). 
Piranha solution was prepared by mixing 75% H2SO4 with 25% H2O2. 18 MΩ Deionized 
water (Nanopure, Barnstead, Dubuque, IA) was used to prepare all aqueous solutions. pH 
was adjusted by using sodium hydroxide (Mallinckrodt Bolder inc., Hazelwood, MO) or 
sulfuric acid (Fisher Scientific). Prepared solutions were deaerated by N2 for 30 min before 
use.  
Sample preparation for multi-channel SPR imaging (MCSPRI) system: Optical 
prisms were used as samples for multi-channel SPR imaging (MCSPRI) system. SF-10 
equilateral prism was received from Edmund optics inc. (Barrington, NJ). The equilateral 
prism was cleaned by 2 % Neutrad solution (Decon Laboratories, inc., King of Prussia, PA) 
followed by sonicating in cyclohexane for 10 min. Successively, the prism was immersed in 
Piranha solution at 50 °C for 30 min. Then, the prism was rinsed with DI water and dried 
with N2 gas. The dried prism was then immersed in 5 mM 3-mercaptopropyl methoxysilane 
in toluene for 6 hours to coat the prism surface with thiol terminated silane monolayer. Then, 
the prism was rinsed with toluene and dried with N2 gas. 99.9 % copper wire (Goodfellow, 
Devon, PA) was deposited on the SF-10 equilateral prism by vacuum evaporator (DV-502A, 
Denton Vacuum, Moorestown, NJ). The coating of silane layer on the prism surface 
improved the adhesion of copper films.  
Sample preparation for multi-electrode SPR imaging (MESPRI) system: Glass 
slides were used as samples for multi-electrode SPR imaging (MESPRI) system. 99.99 % 
gold wire was received from Goodfellow (Devon, PA) and deposited on glass slides that was 
cleaned and coated with silane monolayers in the same way to prepare samples for MCSPRI 
system by vacuum evaporation (Bench Top Turbo III, Denton Vacuum, Moorestown, NJ). A 
mask was used to form multi-electrode design of gold. The gold coated glass slides were 
attached to a BK-7 hemi cylindrical lens (Edmund Industrial optics, Barrington, NJ) with 
index matching fluid (Norland Index Matching Liquid, Norland products inc., Cranbury, NJ).  
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Multi-channel SPR imaging (MCSPRI) measurement: Optical components and 
home-made flow channel systems were used to construct a multi-channel SPR imaging 
(MCSPRI) system. Copper coated SF-10 equilateral prism was equipped with home-made 
Teflon cell and cured PDMS (poly dimethylsiloxane) gasket (Dow corning corporation, 
Midland, MI) that formed multi-channel system (Figure 5.8). Prepared solutions were 
injected through tubes by a multi-syringe pump (Genie Kent, Kent Scientific Corp., 
Torrington, CT) at a constant flow rate (0.05 ml min-1). SPR images were observed while the 
solutions were introduced through the flow cell system. Incident light from a tungsten 
halogen lamp (LS-1 tungsten halogen light source, Ocean optics Inc. Dunedin, FL) coupled 
with a narrow band-pass wavelength filter that has a central wavelength of 730 nm (Newport 
corp., Irvine, CA) passed through a biconvex lens and a plano-convex lens (Newport Corp.) 
for focusing on the surface of SF-10 equilateral prism where copper was coated. Polarity of 
incident light was controlled by a linear polarizer (Newport Corp.) that was placed between 
the convex lenses. The emerging reflected light was collimated by another plano-convex lens 
and monitored by a high resolution CCD camera (kampro02, EHD Imaging GmbH, Damme, 
Germany) using a variable zoom lens (Zoom7000, Navitar, Rochester, NY). Images were 
captured with frame-grabber card (Pinnacle Systems, Inc., Mountain View, CA) using 
commercially available software (Studio 8, Pinnacle Systems, Inc.). Images were recorded 
using both s- and p- polarized light at the sample rotation where the minimum SPR intensity 
was observed. The angle spread of incident light was measured by the pictures taken directly 
above the equilateral prism. Refracted angle of light inside the prism was calculated by 
Snell’s law. Angle was defined by the angle against the surface normal where the copper was 
coated.  
Multi-electrode SPR imaging (MESPRI) measurement and electrochemistry: The 
same optical lenses in MCSPRI system and a home-made electrochemical cell were used to 
construct multi-electrode SPR imaging (MESPRI) system. SF-10 equilateral prism was 
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replaced by BK-7 hemi cylindrical lens and gold coated glass slide, which were equipped 
with home-made Teflon cell and viton o-ring (Figure 5.13). Each gold band on the glass slide 
was connected to a multi potentiostat (Chi 1030, Chi instruments, Austin, TX) as a working 
electrode. Quasi Ag/AgCl reference electrode (QRE) and Pt/Ir grid were used as a reference 
and counter electrode, respectively.  
Atomic force microscope (AFM) imaging system: Copper surface prepared in the 
same way for etching rate measurement was investigated for roughness change. Surface 
roughness change was measured by atomic force microscope imaging system (Dimension 
3100 and Nanoscope IV controller, Veeco Metrology, LLC, Santa Barbara, CA). Images 
were acquired in tapping mode with silicon TESP7 AFM tips (Veeco Metrology, LLC, Santa 
Barbara, CA). 
5.5 Results and discussions 
Multi-channel SPR imaging (MCSPRI) system was custom-built using optical 
components i.e. equilateral prism, convex lenses, polarizer, narrow band-pass wavelength 
filter, light source and home-made flow channel cell that consists of Teflon cell and PDMS 
gasket (Figure 5.8A). Incident light from a tungsten halogen lamp coupled with a narrow 
band-pass wavelength filter that has a central wavelength of 730 nm passed through a 
biconvex lens and a plano-convex lens for focusing on the surface of equilateral prism where 
copper film (45 nm) was coated. Polarity of incident light was controlled by a linear polarizer 
that was placed between the convex lenses. The emerging reflected light was collimated by 
another plano-convex lens and monitored by a high resolution CCD camera using a variable 
zoom lens. CCD camera captured images using both s- and p- polarized light at the sample 
rotation where the minimum intensity of reflectivity (SPR angle) could be observed. The 
captured images are called SPR images (Figure 5.8B). The SPR images are different from 
normal pictures in that x-axis of SPR image represents angular space. The incident light is 
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focused as a line on the surface of equilateral prism and spreads out when reflected. Hence 
the captured SPR image has angular variation on x-axis and regular space on y-axis.  
SPR angle that appears as a minimum intensity of reflected light on the angular space 
of SPR image is a characteristic of solid-liquid interface and optical properties of SPR 
components. SPR angle is determined by the wavelength of incident light and optical 
properties of SPR components such as refractive indices of equilateral prism, metal films, 
and dielectric medium and the thickness of metal films. When the other optical properties 
have constant values, the SPR angle shift is connected with the optical or physical changes at 
the interface of metal films and dielectric medium such as additional film adsorption or metal 
film change.  
The refractive indices of SPR components are determined by light wavelength and 
under 730 nm incident light wavelength, the refractive indices of SF-10 prism, copper film, 
and water are 1.715, 0.22+4.43i, and 1.33, respectively. Figure 5.8B shows an SPR image 
obtained from the MCSPRI system with DI water as dielectric medium that was introduced 
to the flow channels. In the absence of additional layers on copper films, SPR angle appears 
at 54.5 (± 0.1) ° against the surface normal. The solutions in flow channels are separated by 
PDMS gasket so that SPR images can be monitored simultaneously with the introduction of 
various solutions having different chemical compositions. SPR images can be recorded 
continuously while the solutions flow and hence SPR angle shift can be detected in real time.  
The first measurement was carried out in pH controlled solutions. We prepared 
aqueous solutions that have different pH of 2, 6, and 10 and simultaneously supplied to the 
flow channel in MCSPRI system following pH 10 solution at a constant flow rate (0.05 ml 
min-1). Figure 5.9A shows the change of SPR angle by the introduction of pH solutions. As 
studied in chapter 3, copper surface is either dissolved or passivated in aqueous solutions 
depending on pH and the dissolution rate is constant at a pH. At high pH (6 and 10), copper 
surface is passivated and does not show the shift of SPR angle. On the other hand, copper 
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surface in the channel where pH 2 solution is introduced shows SPR angle increase. In the 
QCM measurements, the dissolution rate at pH 2 was about 0.35 nm min-1. To compare the 
dissolution rate, the SPR angle shift as a function of copper thickness is calculated by 
Fresnel’s calculation. Figure 5.10 presents theoretical calculation of SPR angle change as a 
function of copper thickness in the given conditions (730 nm wavelength, SF-10 prism, and 
aqueous solution). In the thickness range of 22 and 45 nm copper films, copper thickness has 
a relationship with SPR angle shift by 
⎟⎠
⎞⎜⎝
⎛ +∆−=
99.18
13.0ln02.9 SPRCut
θ   (22 nm < tCu < 45 nm)  (5.33) 
where tCu is copper thickness and ∆θSPR is the SPR angle shift from the SPR angle at 45 nm 
copper film. Using this relationship, SPR angle shift curve at pH 2 can be redrawn for 
thickness decrease from 45 nm (Figure 5.9B). Thickness decrease is linear up to losing 25 nm. 
The slope in Figure 5.9B represents dissolution rate, which is about 2.43 nm min-1. 
Compared with the results (~ 0.35 nm min-1) that were measured by QCM in chapter 3, the 
dissolution rate is too high. We speculated that the overestimation of etching rate in SPR 
measurement was due to roughness increase. It is generally known that chemical etching 
roughens copper surface and according to Raether, SPR angle appears about 0.7 ° higher per 
1 nm root mean square (RMS) [38]. Although experimental conditions are different, this 
deviation is a significant change considering that the formation of 15 nm additional film that 
has refractive index of 1.5 causes 1 ° of SPR angle shift in our experimental conditions. We 
measured roughness change by observing copper surface topography taken by AFM imaging 
and investigated how the surface roughness of copper was changing during etching at pH 2.  
Figure 5.11 shows the measured roughness and some examples of AFM images. 
Roughness in terms of root mean square (RMS) height increases linearly with etching time, 
and their relationship is given by 
54.006.0 += tδ           (5.34) 
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where δ is RMS height (nm) and t is etching time (min). The equation (5.34) shows that 
etching time of 10 min increases the roughness about 0.6 nm from the initial roughness. The 
SPR angle shift in Figure 5.9A is due to combined effects by thickness decrease and 
roughness. Using this relationship, after 10 min of etching at pH 2, SPR angle shift by 
thickness decrease is only about 0.23 ° while the measured SPR angle shift is about 1.5 °. 
This indicates that the main SPR angle shift is due to the roughness change rather than 
thickness change. Therefore data analysis without considering roughness impact will lead to 
errors, overestimating thickness change.  
The overestimation is more apparent when BTA adsorption is observed in low pH 
solution. Figure 5.12 shows the observed SPR angle shfit at pH 2 with BTA concentration 
variation (A) and measured etching rate from SPR angle shift (B). Solutions with various 
concentrations of BTA (0, 5×10-5, 7×10-5, 1×10-4, 3×10-4, 5×10-4, 7×10-4, 1×10-3 mol l-1) were 
introduced simultaneously to the MCSPRI system following pH 10 solution at a constant 
flow rate of 0.05 ml min-1. Using the equation (5.33), copper etching rate in each solution is 
obtained. When compared with the etching rate measured by QCM, SPR measurement 
overestimates the etching rate by more than ten times. As mentioned previously, surface 
roughness increases has a major impact on SPR angle change. Therefore, SPR measurement 
has a limitation to observe film formation while the metal film is interacting with solutions. 
There is another reason that SPR is not suitable for copper etching rate measurement. In 
order to observe SPR angle from SPR curves, metal films must have proper thickness and it 
is pretty narrow range of thickness. For copper, it is between 22 nm and 100 nm in aqueous 
solution theoretically but in reality, it becomes narrower from 30 to 70 nm, which is only 
about 40 nm. It is too narrow range of thickness to observe copper etching.  
The concept of high throughput screening technique using SPR imaging system is 
still very attractive and the problem in MCSPRI system is the choice of metal films. To be 
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effective, the metal films should remain untouched during interfacial reactions. Using a noble 
metal would solve this problem and gold is often the choice of metal film for SPR.  
SPR technique has a variety of applications and in most cases, metal film is used as a 
simple platform to create evanescent waves. Therefore, complicated designs of cell system 
are required for high throughput measurement. In MCSPRI system as an example, the 
variation of reactions for high throughput is acquired by varying solution compositions, 
which requires complicated cell design. If the variation of reaction is controlled on metal 
films, the complicated design of cell system would not be necessary. Coupling SPR with 
electrochemistry is a good way to achieve it. It is advantageous to combine SPR with 
electrochemistry not only by achieving high throughput relatively simple but also by 
obtaining simultaneous control and observation of interfacial reactions. In addition, SPR and 
electrochemistry are complementary for each other since both techniques provide real time 
data that can be directly compared. Incorporation of SPR with electrochemistry is simple 
since metal films that are used for generating evanescent wave in SPR can be directly used as 
electrodes in electrochemistry. Various electrochemical techniques have been coupled with 
SPR, which includes scanning electrochemical microscopy (SECM)[18, 26], electrochemical 
quartz crystal microgravimetry (EQCM)[27-29], and impedance[30, 31].  
For high throughput measurements, we adopt multi-electrode design of metal films 
and modify the MCSPRI system. Design of multi-electrode is simply obtained by depositing 
metal films using a mask and each electrode is easily connected to a potentiostat as a working 
electrode without short circuit. For SPR imaging system, SF-10 equilateral prism was 
replaced by BK-7 hemi cylindrical lens coupled with glass slides where 52 nm gold film was 
coated. The glass slide and hemi cylindrical lens were equipped with home-made Teflon 
electrochemical cell. Quasi Ag/AgCl reference electrode (QRE) and Pt/Ir grid were inserted 
to the cell as a reference and counter electrode, respectively. Each gold band on the glass 
slide was connected to a multi potentiostat as a working electrode (Figure 5.13).  
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SPR images from the MESPRI system were obtained in the same way with MCSPRI 
system. Incident light from a tungsten halogen lamp that was coupled with a wavelength 
filter passed through optical lenses and a linear polarizer and focused on the glass slide 
surface where gold film was deposited. The reflected light was collimated by a plano-convex 
lens and monitored by a high resolution CCD camera using a variable zoom lens. CCD 
camera captured images using both s- and p- polarized light at the sample rotation where the 
minimum intensity of reflectivity could be observed. 
Figure 5.14 shows gold coated glass slide (A), SPR image (B), and SPR curve (C). 
SPR images from the MESPRI system present relative reflectivity from two surfaces, gold 
and glass. The relative reflectivity from gold surface gives SPR curve and that from glass 
shows critical angle where total reflection occurs. Critical and SPR angles are determined by 
optical properties of SPR components. Under the 730 nm light wavelength, refractive indices 
of BK-7 hemi cylindrical lens, gold, and aqueous solution are 1.512, 0.135+4.33i, and 1.328, 
respectively. Using Snell’s law[33], critical angle is calculated with refractive indices of 
prism and solution, which appears at 61.4 ° for our system.  
⎟⎟⎠
⎞
⎜⎜⎝
⎛= −
1
21sin
n
n
critθ     (5.35) 
n1 and n2 are refractive indices of first (BK-7 lens) and second media (solution) that incident 
light encounters, respectively. SPR angle is theoretically calculated by Fresnel’s equation. 
When the thickness of gold film is 52 nm and water is used as dielectric medium, SPR angle 
appears at 67.4 °. Thickness of Au film is an important factor to determine SPR angle and 
intensity.  
We will demonstrate the capability of MESPRI system for electrochemical control of 
metal electrodes and real time measurement of surface reactions by detecting SPR angle 
change. Dynamic SPR images observed in real time and corresponding SPR curves are 
presented during cyclic voltammetry on gold in aqueous solutions. SPR angle change is 
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compared with electrochemical data. As an application of high throughput measurement, 
gold films are loaded with different electrochemical potentials and SPR images are obtained.  
The capability of MESPRI system to control metal electrodes electrochemically and 
to observe in real time with SPR imaging was demonstrated by running cyclic voltammetry 
(CV) on gold film in 0.1 M H2SO4 + 0.1 M Na2SO4 solution. CV was run on gold film 
between -0.5 V and 1.2 V vs. QRE with a scan rate of 100 mV sec-1. SPR images (Figure 
5.15A) were recorded while running CV and SPR curves (Figure 5.15B) were extracted from 
dynamic SPR images. SPR angle in each SPR image represents the surface state of gold film 
under the given potential. In order to quantify SPR angles, SPR curves are extracted from the 
SPR images. From each curve, SPR angle could be identified and compared with the 
undisturbed SPR curve to quantify the shift. Figure 5.16A shows the real time SPR angle 
change that corresponds to CV curve (Figure 5.16B). CV curve shows typical shape for gold 
electrode in aqueous solution and SPR angle change is due to optical property change on gold 
surface, which is oxide formation by high electrochemical potential. According to Xia et 
al.[39], chemical composition of gold oxide in this potential range is mainly AuO and its 
refractive index is 3.3+1.1i. The Fresnel calculation yields about 0.8 ° of SPR angle shift 
with 1 nm increase of gold oxide on metallic gold surface as an additional film. SPR angle 
shift at 1.2 V in Figure 5.16A is about 0.4 ˚ that corresponds to 0.5 nm thick AuO film.  
MESPRI is not only able to measure interfacial change in real time but also to screen 
multi-electrode in high throughput. Figure 5.17A shows SPR images of two gold bands at 
different potentials, 0.0 V (○1 ) and 1.2 V (○2 ) and their corresponding SPR curves (○3 ). The 
extraction of SPR curves from SPR images provide quantitative information about interfacial 
changes but requires the analysis of measured SPR angle shift using Fresnel calculation. 
Simple image calculation can provide a quick sense of SPR angle shift. Figure 5.17B○1  
shows subtracted SPR image from Figure 5.17A○2  to ○1 . Subtracted SPR image has a 
maximum and minimum in intensity that shows the difference of SPR angles from two SPR 
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images. As the contrast and angular space between the intensity peaks is bigger, the two SPR 
images have bigger difference in SPR angles. Figure 5.17C shows a subtracted SPR image 
for multi-electrode gold film. An SPR image for gold bands at 0.0 V is subtracted from that 
where each gold band is charged at different electrochemical potential. Potential increases 
from -0.2 V at the top to 1.2 V at the bottom electrodes with 0.2 V step increase, where 
bigger potential difference shows higher contrast. Figure 5.17 shows a great potential of 
MESPRI system as a high throughput real time screening technique by combining SPR 
imaging with electrochemistry.  
5.6 Conclusions and future work 
In this chapter, we developed two high throughput real time detection system using 
SPR imaging. Multi-channel SPR imaging (MCSPRI) system was developed by coupling 
SPR imaging system with home-made flow channel cell to study copper chemistry and 
additional film formation of benzotriazole on copper. The interfacial reactions that removed 
copper films increased roughness that had a major impact on measured data. The lack of 
quantitative information about roughness impact on SPR angle shift made it difficult to 
separate film formation from the measured data.  
The concept of high throughput screening with SPR imaging system motivated us to 
develop multi-electrode SPR imaging (MESPRI) system to combine the SPR system with 
electrochemistry. The combination of SPR and electrochemical techniques was simple but 
effective and provided significant advantages for simultaneous control and observation of 
metal-liquid interfaces. We demonstrated the capability of MESPRI, i.e. electrochemical 
control and simultaneous detection with SPR imaging and high throughput observation. 
Despite some limitations, both MCSPRI and MESPRI systems have great potentials to 
investigate solid liquid interfaces and possible applications.  
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Table 5.1 Characteristics of surface plasmon waves (SPW) at the metal-water 
interface[3] 
 
Metal layer Ag Au 
Light wavelength (nm) 630 850 630 850 
Penetration depth into metal (nm) 24 23 29 25 
Penetration depth into water (nm) 219 443 162 400 
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Figure 5.1 Charge and electric field distribution for a surface plasmon propagating in the x 
direction in the dielectric space above a metallic surface and the exponential dependence of 
the field Ez [7, 38]. 
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Figure 5.2 A plane parallel plasma film with a dielectric function εm covered on both sides 
with media of different dielectric values εp and εd. 
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Figure 5.3 Dispersion relations of a plane parallel plasma film with a dielectric function εm 
covered on both sides with media of different dielectric values εp and εd (adapted from [38, 
40]).  
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Figure 5.4 SPR system in Kretschmann configuration (adapted from [4, 7, 34]). 
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Figure 5.5 Geometry that establishes the conventions for the optics at an interface: (A) s-
polarized light; (B) p-polarized light (adapted from [33]). 
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Figure 5.6 SPR curve (A) and SPR angle shift (B) upon film formation on metal. 
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Figure 5.7 SPR curve change as the thickness of an organic film with refractive index of 1.5 
is increased. SPR angle is not detectable with more than 50 nm of the film.  
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Figure 5.8 Schematic for converging light SPR imaging system (A). SPR image of Cu in 
contact with aqueous solutions (B). 
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Figure 5.9 Real-time measurement of SPR angles on copper in aqueous solutions at pH 2, 6, 
and 10 (A). Thickness change of copper at pH 2 can be obtained without consideration of 
roughness impact (B). 
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Figure 5.10 SPR angle change as a function of copper thickness in SPR system without 
additional films. Light with wavelength 730 nm is used along with SF-10 prism and water as 
dielectric medium.  
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Figure 5.11 Surface roughness change according to etching time. Root mean square (RMS) 
height linearly increases with etching time.  
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Figure 5.12 SPR angle shift at pH 2 with BTA concentration variation (A) and etching rate 
comparison with QCM measurement (B). 
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Figure 5.13 Schematic high throughput electrochemical SPR imaging system. Converging 
light beam is focused on the prism surface. Multi-electrode Au is in contact with an 
electrolyte, where electrochemistry is applied. 
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Figure 5.14 Au-coated glass slide (A) SPR image and (B) SPR curve of Au multi-electrode 
in contact with H2O and relative reflectivity curve from glass surface (C).  
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Figure 5.15 Dynamic SPR images (A) and SPR curves (B) during cyclic voltammetry of Au 
in 0.1 M H2SO4 + 0.1 M Na2SO4. 
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Figure 5.16 Real-time detection of SPR angle (A) with electrochemistry variation (B) in 0.1 
M H2SO4 + 0.1 M Na2SO4. 
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Figure 5.17 (A) SPR image of Au band biased at 0.0 V (○1 ) and at 1.2 V (○2 ) and their 
extracted SPR curves (○3 ) from the images. (B) Subtracted SPR image from original SPR 
images at 1.2 V and 0.0 V (○1 ) and its corresponding subtracted SPR curve (○2 ). (C) 
Subtracted SPR images for multi-electrode in various potentials. 
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Chapter 6. Conclusions and Future Directions 
This work focused on studying fundamental chemical reactions of copper in aqueous 
solutions in the presence of various chemical components and constructed a coherent 
dissolution rate model based on the fundamental kinetic mechanisms. The studies were 
carried out at two different pH, where copper has different outermost surface at equilibrium. 
We utilized quartz crystal microgravimetry (QCM) as a main tool for investigation and 
kinetic study was accompanied by modeling. Kinetic models were set up for the reactions 
between chemical components and copper surface. A coherent etching rate model was 
constructed by additive combination of the individual kinetic models and compensated for 
the deviations when multi components were put together. Compared with previous models, 
the etching rate model was based on more fundamental chemistry. The model was 
constructed in the same principle with Paul model but much more detailed chemical reaction 
mechanisms were considered experimentally and theoretically. In situ real time high 
throughput screening techniques were developed to observe film formations on copper by 
using surface plasmon resonance (SPR) imaging system coupled with multi-channel flow cell 
setup. Slight modifications of the multi-channel SPR imaging (MCSPRI) system constructed 
another high throughput screening system that was combined with electrochemistry 
(MESPRI). Experimental designs were described and advantages and limitations of MCSPRI 
and MESPRI systems were discussed. The following conclusions and future directions can be 
drawn from each part in this dissertation.  
Chemical etching rate study of copper at low pH (Chapter 3): This section 
presents chemical etching rate study of copper at pH 2 and construction of etching rate model. 
Copper responses in various pH solutions were observed prior to monitoring reactions with 
chemical agents. Elementary reactions of copper were experimentally observed and 
kinetically analyzed in aqueous solutions at pH 2 that contained BTA, glycine, or hydrogen 
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peroxide. Real time investigation with QCM showed that each chemical agent had significant 
impact on etching rate change of copper. Hydrogen peroxide considerably increased etching 
rate by oxidizing metallic copper to copper oxide that was soluble at higher rate. On the other 
hand, etching rate was exponentially decreased by including BTA, which indicated BTA 
followed Langmuir adsorption isotherm. Multiple layer formation was not observed. Glycine 
addition at pH 2 decreased etching rate, which was speculated due to the consumption of a 
fraction of oxide ions that were supposed to oxidize metallic copper to form cuprous oxide 
followed by dissolution. An additive etching rate formula was constructed based on the 
elementary reaction kinetics. The additive model was tested by comparing its prediction with 
experimental measurement in multi component systems. Simple additive formula didn’t work 
for such a case that more than single components were involved, which led the incorporation 
of secondary and tertiary etching rate constants. Secondary interaction between BTA and 
hydrogen peroxide was the most obvious, where inhibition of BTA nearly disappeared in the 
presence of hydrogen peroxide while the oxidation by hydrogen peroxide was preserved 
regardless of BTA presence. The updated model described experimentally measured data 
well. 
Chemical etching rate study of copper at high pH (Chapter 4): Chemical etching 
rate study of copper was extended for high pH in this section following chapter 3. In this 
moderately high pH solution, copper was covered by passivation layer that was formed by 
hydroxide ions at high pH. Introduction of glycine initiated dissolution while BTA and 
hydrogen peroxide did not. When put together with glycine, BTA and hydrogen peroxide had 
impact on etching rate, which was increased and exponentially decreased by hydrogen 
peroxide and BTA, respectively. It was apparent that glycine combines only with oxidized 
copper at high pH not with metallic copper at low pH. Addiitive model at pH 9.7 was 
constructed in the same way at pH 2 and compared with experimental results of multi 
component systems. Impacts of secondary and tertiary interactions among the chemical 
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agents were similar to those at low pH. That is, inhibition of BTA was significantly reduced 
by the presence of hydrogen peroxide while glycine had little interactions with hydrogen 
peroxide and BTA.  
The etching rate model at both pH described experimental data well and elementary 
chemical reactions were additively combined to form the model. Since the model was built 
based on additive combination of elementary reactions, further chemical or even mechanical 
reactions can be incorporated by simple addition of kinetic expressions, which makes the 
model have great potential and guides future study.  
Development of high throughput surface plasmon resonance (SPR) imaging 
system (Chapter 5): This section presents the development of real time high throughput 
detection techniques using surface plasmon resonance (SPR) imaging system. SPR imaging 
systems using incident light with variable angle were coupled with home-made flow channel 
cell to construct multi-channel SPR imaging (MCSPRI) system. BTA film formation was 
investigated using MCSPRI but presented limitations due to major impact on the observed 
SPR angle measurement by roughness. However, another high throughput measurement 
system coupled with electrochemistry was constructed by modification of the MCSPRI 
system. It was illustrated to construct SPR imaging system with multi-electrode design for 
electrochemical application. SPR imaging system that could monitor solid-liquid interfaces 
from various angles simultaneously without goniometer allowed detecting SPR angle change 
in real time. Coupling electrochemistry with SPR imaging system was simple but effective 
because metal films in SPR system could be used directly as electrodes for electrochemistry. 
Multi-electrode design upgraded the electrochemical SPR imaging system to high throughput 
monitoring system. This work demonstrated the capability of the multi-electrode SPR 
imaging (MESPRI) system as an in-situ real time high throughput screening method and 
advantages of simultaneous control and monitoring of interfacial reactions were presented. 
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The development of a coherent etching rate model based on fundament chemical 
reaction mechanisms is a big step toward a complete control of CMP process. This study is 
limited as investigation of chemical reactions without mechanical action which is another 
major component in CMP. The future research is directed to investigate this mechanical 
reaction and combine with the etching rate model presented in this study. The development 
of high throughput SPR imaging systems for chemical and electrochemical variations 
provides a great advantage. The proof of concept data is presented in this study and more 
applications are pursued as future research.  
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Appendix 
4-Phase Fresnel calculation 
n1=1.515;  % refractive index of the prism 
n2=0.1742+3.41i; % refractive index of the metal film (Cu) 
d2=45;   % thickness of the metal film 
n3=1.5;   % refractive index of the adsorbed layer 
d3=10;   % thickness of the adsorbed layer 
n4=1.332;  % refractive index of the dielectric medium (solution) 
lambda=632.8;    % the wavelength of incident light [nm] 
theini=30;           % the start of the incident angle [deg] 
ang=20;  % the range of angle scan for the incident light 
d=0.01;   % step angle for the angle increase 
range=ang/d;  % determines the number of iteration 
SPR=double(zeros(range,2));  % blank matrix for the SPR curve as initiative 
for j=1:range 
thetaangle=theini+d*j; 
theta=thetaangle*pi/180; 
e1=n1^2; 
e2=n2^2; 
e3=n3^2; 
e4=n4^2; 
c1=sqrt(n1^2-n1^2*(sin(theta))^2); 
c2=sqrt(n2^2-n1^2*(sin(theta))^2); 
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c3=sqrt(n3^2-n1^2*(sin(theta))^2); 
c4=sqrt(n4^2-n1^2*(sin(theta))^2); 
b2=c2*(2*pi*d2/lambda); 
b3=c3*(2*pi*d3/lambda); 
q1=c1/e1; 
q2=c2/e2; 
q3=c3/e3; 
q4=c4/e4; 
m11=cos(b2)*cos(b3)-q3*sin(b2)*sin(b3)/q2; 
m12=-i*cos(b2)*sin(b3)/q3-i*sin(b2)*cos(b3)/q2; 
m21=-i*q2*sin(b2)*cos(b3)-i*q3*sin(b3)*cos(b2); 
m22=-q2*sin(b2)*sin(b3)/q3+cos(b2)*cos(b3); 
r=((m11+m12*q4)*q1-(m21+m22*q4))/((m11+m12*q4)*q1+(m21+m22*q4)); 
r2=abs(r)^2; 
SPR(j,1)=thetaangle; 
SPR(j,2)=r2; 
end 
min(SPR(:,2)) 
x=find(SPR==min(SPR(:,2))); 
minang=SPR(x-range,1) 
plot(SPR(:,1),SPR(:,2)) 
save('u:\SPR\20.txt','SPR','-ASCII') 
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